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SPIN  FLUCTUATIONS  AND  THE  PARAMAGNETIC-FERROMAGNETIC 
TRANSITION  IN  PALLADIUM-RHODIUM-NICKEL  ALLOYS 

INTRODUCTION 

The  application  of  many-body  techniques  to  explain 
electronic  properties  of  the  nearly  ferromagnetic  metals 
(e.g.  Rh,  Pd,  and  Pt  and  their  alloys)  Increased  otir  under- 
standing of  these  materials.  Many  of  their  electronic  prop- 
erties (e.g.,  magnetic  susceptibility,  specific  heat,  and 
electrical  resistivity)  can  be  accounted  for  by  a model  which 
explicitly  Includes  a strong  intra-atomic  Coulomb  interaction 
between  d band  electrons  of  opposite  spin.  The  intra-atomic 
Coulomb  interaction  decreases  the  energy  needed  to  excite  a 
spin  fluctuation 'in  the  d band.  Consequently,  the  dumber  of 
spin  fluctuations  occxirrlng  at  low  tempera t\ires  Increases, 
which  in  turn  results  in  an  increase  in  conduction-electron 
spin-fluctuation  scattering,  thereby  increasing  the  low- 
temperature  electrical  resistivity.  Furthermore,  since  the 
interaction  favors  parallel  spin  alignment,  a lower  applied 
magnetic  field  is  required  to  attain  the  same  magnetization 
as  before,  and  the  magnetic  susceptibility  is  enhanced. 

In  this  paper,  spin  fluctuations  in  the  (Pd.-Rh-),  Ni 
system  are  studied.  There  are  several  reasons  why  this 
system  is  well-suited  for  such  an  investigation.  First,  of 
the  nearly  ferromagnetic  metals  Rh,  Pd,  and  Pt,  and  their 
alloys  with  one  another,  the  Pd^^Rh^  host  has  the  highest 
magnetic  stisceptlbllity  and  is,  therefore,  expected  to  exhibit 
strong  spin-fluctuation  effects.  Second,  because  of  the 
already  large  amount  of  potential  scattering  that  occurs  in 
the  host,  we  expect  the  contribution  of  the  host  to  the  total 
resistivity  to  be  well  represented  by  the  resistivity  of  the 
Nl-free  alloy.  Third,  Nl  can  be  used  as  a probe  to  study  the 
local  enhancement  of  spin  fluctuations  around  the  Ni  sites. 
Lastly,  by  varying  the  Nl  concentration,  the  system  can  be 
observed  as  it  transforms  from  a strongly  paramagnetic  system 
to  a weakly  ferromagnetic  system. 

Not*:  Mantucript  rabmitted  Octobar  3,  1977. 
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This  report  begins  with  a review  of  many-body  theory  as 
it  relates  to  spin-fluctuation  effects  in  transition  metals 
and  alloys.  Special  emphasis  is  on  the  dynamic  susceptibil- 
ity and  the  electrical  resistivity;  various  models  for  these 
two  properties  are  reviewed.  In  the  second  chapter  we 
discuss  the  experimental  procedures.  In  the  last  chapter  we 
present,  analyze,  and  discuss  first  the  magnetization  data 
and  then  the  electrical  resistivity  data  for  the  | 

(Pdrt_Rh_),  ^Ni  system,  and  finally  we  discuss  the  implies-  I 

tions  of  both  the  magnetization  and  resistivity  data  in  regard  ] 

to  the  local  enhancement  model.  ; 
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CHAPTER  I 

REVIEW  OF  SPIN-FLUCTUATION  THEORY  FOR  TRANSITION  METALS 


A.  Magnetic  Susceptibility 
1.1  Background 

The  classical  theory  of  free  electrons  in  a metal  com- 
pletely failed  to  explain  the  magnetic  susceptibility,  of 
a normal  metal.  On  the  basis  of  this  theory  one  expected 
each  electron  to  act  as  an  Independent  magnetic  dipole  with 
a magnetic  moment  of  one  Bohr  magneton,  |j.q,  and  thus  the 
susceptibility  was  expected  to  obey  the  Curie  law 
2 

n|j.p 

X - , (1.1) 

where  n is  the  number  of  electrons  per  iinit  volume,  T is  the 
absolute  temperature,  and  kg  is  Boltzmann's  constant.  How- 
ever, the  observed  room  temperature  susceptibilities  of  met- 
als are  orders  of  magnitude  smaller  than  that  predicted  by 
the  Curie  law  and  are  largely  temperature  Independent. 

The  discrepancy  was  largely  resolved  when  Pauli  applied 
Fermi-Dirac  statistics  to  the  free  electron  gas.  Fermi-Dirac 
statistics  take  into  account  the  fact  that  no  two  electrons 
in  the  same  spin  state  can  have  the  same  energy  (the  Pauli 
exclusion  principle)  . This  results  in  a groxind  state  in 
which  the  electrons  occupy  all  available  single-particle 
energy  states  from  zero  to  E^,,  the  Fermi  energy.  When  a 
small  magnetic  field,  H,  is  applied,  the  energy  of  each 
spln-up  electron  Increases  by  an  amount  i^gH  and  each  spin- 
down  electron  decreases  by  the  same  amount.  In  the  limit  as 
H“*0  it  is  only  those  spin-up  electrons  at  the  Fermi  level 
that  can  reduce  their  energy  by  filling  unoccupied  spin-down 
states.  Thus  one  expects  the  susceptibility  to  be  propor- 
tional to  the  density  of  states  at  the  Fermi  level  and  to  be 
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much  lower  than  that  predicted  on  a classical  model.  When 
the  thermal  energy  is  much  less  than  the  Fermi  energy  (i.e., 
kgT-<*=  Ej.) , this  Pauli  susceptibility  becomes^ 

Where  g is  the  Lande  factor  (g=2  for  the  free  electron  sys- 
tem) , D(Ep)  is  the  density  of  states  at  the  Fermi  level  per 
unit  volxuae  per  spin-state,  D*(E)  s dD(E)/dE  and  D*(E)  = 
d^D(E)/dE^. 

Since  the  Fermi  energies  in  metals  are  orders  of  magni- 
tude greater  than  kgT,  one  would  expect  the  above  formula  to 
apply  even  at  room  temperature  after  corrections  have  been 

made  for  contributions  to  the  susceptibility  from  Landau  dia- 

2 3 

magnetism  and  Van  Vleck  orbital  susceptibility  . However, 

this  is  not  the  case  for  the  transition  metals  Pd,  Pt,  and 

Rh,  which  have  susceptibilities  that  are  roughly  an  order  of 

magnitude  higher  than  the  prediction  of  the  model. 

4 

• Stoner  was  one  of  the  first  to  develop  a model  to  ex- 

plain the  magnetic  properties  of  these  metal  systems.  He 
assumed  that  there  existed  an  internal  magnetic  field  which 
was  proportional  to  the  magnetization.  The  magnetization 
would  then  be  given  by 

M - Xp(H  + XM)  - xH  , (1.3) 

where  H is  the  applied  field  and  XM  is  the  Induced  internal 
field.  Solving  for  M and  equating  the  coefficient  of  H with 


one  obtains 

X - 

^ 1-XXp 


(1.4) 


The  measure  of  the  enhancement  is  the  Stoner  enhancement  fac- 


tor, S,  defined  as 


S - ^ 

Xp 


1 

X'^XXp 


(1.5) 


The  physical  origin  of  this  enhancement  can  be  seen  from 
the  following  argument.  Suppose  we  have  a metal  like  Pd, 
where  the  electronic  structure  can  be  described  by  two  bands. 
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namely,  an  s band  with  nearly  free  electrons  and  a relative- 
ly low  density  of  states, and  a d band  where  the  electrons  are 
mostly  localized  around  the  ion  cores  and  the  density  of 
states  is  high.  Since,  except  for  the  d electrons  on  the 
same  site,  the  electrons  are  effectively  screened,  it  is 
these  d electrons  which  account  for  most  of  the  Coulomb 
interaction  between  the  conduction  electrons.  Of  these 
d electrons  the  strongest  interaction  will  come  from  those 
which  occupy  the  same  state,  and  since  the  Pauli  excltision 
principle  dictates  that  these  two  electrons  must  have  oppo- 
site spins,  the  interaction  is  strongly  spin  dependent.  As 
long  as  the  number  of  spin-up  electrons  equals  the  n\imber  of 
spin-down  electrons  the  interaction  has  the  same  effect  on 
each  band.  But  when  an  external  magnetic  field  is  applied, 
the  number  of  spin-down  electrons  in  the  band  increases  at 
the  expense  of  the  electrons  in  the  spin-up  band.  Thus  a 
single  spin-up  (spin-down)  d-electron  interacts  with  more 
(fewer)  spin-down  (spin-up)  d-electrons  and  the  electrostatic 


* contribution  to  the  energy  of  the  single  electron  increases 
(decreases) . Since  the  interaction  between  parallel  spins  is 
small  compared  with  the  above  interaction,  the  net  effect  is 
to  increase  the  band  splitting  by  an  amount  greater  than  the 
2M,gH  Zeeman  splitting.  The  total  energy  of  the  system  is 
then  minimized  by  additional  spin-up  d-electrons  changing 
their  spin  states.  Thus,  the  on-site  (intra-atomic)  Coulomb 
interaction  between  opposite-spin  d-electrons  enhances  the 
susceptibility  over  that  of  the  Pauli  susceptibility. 


This  interaction  between  the  two  spin  bands  is  described 

5 

in  the  tight  binding  limit  by  the  Hubbard  Hamiltonian 


(1.6) 


where  n. , =•  ct  c,,  is  the  number  operator  for  spin-up  d-elec- 
trons  associated  with  the  i^  unit  cell,  c^^  and  c^^  are  the 
creation  and  aimihilation  operators  in  the  Wannier  represen- 


tation, U is  a measure  of  the  intra-atomic  Coulomb  inter- 


action between  electrons  of  opposite  spin,  and  T represents 
the  one-body  terms  in  the  Hamiltonian  of  the  system. 
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If  one  could  find  the  eigenfunctions  of  this  Hamilto- 
nian, then  perturbation  theory  could  be  used  to  find  the  re- 
sponse of  the  system  to  a small  magnetic  field  and  the  sus- 
ceptibility would  be  obtained.  However,  the  eigenfunctions 
are,  in  general,  not  known  and  a different  approach,  based 
upon  linear  response  theory  and  many-body  Green's  functions 
concepts,  is  used.  Linear  response  theory  allows  us  to  write 
the  perturbed-state  expectation  value  of  an  operator  in  terms 
of  the  unperturbed-state  expectation  value  of  a suitable  com- 
bination of  operators.  So  it  is  not  necessary  to  know  the  wave 
function  of  the  perturbed  system,  and,  as  we  shall  see  later, 
by  using  many-body  Green's  function  techniques,  it  is  not 
ever  necessary  to  know  the  wave  function  of  the  unperturbed 
system. 

In  the  next  few  sections  these  techniques  are  developed 
for  a uniform,  isotropic,  paramagnetic  system  described  by 
the  Hubbard  Hamiltonian.  We  begin  by  using  the  results  of 
linear  response  theory  to  motivate  a definition  of  the  dy- 
namic  susceptibility  and  show  that  this  definition  is  con- 
sistent with  the  usual  definition  of  sxisceptibility . The 
dynamic  susceptibility  is  written  in  terms  of  spin-density 
fluctuations  of  the  unperturbed  system.  Finally,  we  indicate 
how  the  dynamic  susceptibility  can  be  calculated  using  many- 
body  perturbation  theory. 


1.2  Dynamic  Susceptibility  from  Linear  Response  Theory 

If  a space  and  time  dependent  magnetic  field,  whose  com- 
ponent in  the  ^i-direction  (m-  = x,y,z)  is  H^(r,t),  is  applied 
to  a magnetic  system,  the  response  to  this  field  will  be  a 
magnetization  whose  component  in  the  ^-direction  is  My(r,t). 
The  interaction  of  this  field  with  the  system  changes  the 
Hamiltonian  of  the  system  by  the  addition  of  the  interaction 
term. 


3(f*^(t) 


M^(r,t)H^(r,t) 


(1.7) 
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where  M^(r,t)  = e^^^l3^(r)e  is  the  magnetization  operator 
in  the  Heisenberg  picture.  The  integration  is  to  be  taken 
over  the  system  of  volume  V.  For  paramagnetic  systems  the 
interaction  goes  to  zero  in  the  limit  of  H-0,  and  linear  re- 
sponse theory  can  be  used  to  find  the  magnetization. 

In  this  theory  the  interaction  is  assumed  to  be  turned 
on  at  a time  t^.  The  change  in  the  ensemble  average  of  any 
dynamical  operator  6(t)  is  given  by® 

« 6(t)»g^^  - « 6(t)»  = 

t (1.8) 

-iydt'  Tr|pQ[6(t)  ,3<^*^(t')]|  , t>t^  , 
to 

where  is  the  ensemble  average  of  0(t)  for  the 

externally  perturbed  system,  « 0(t) ))  is  the  ensemble  average 
for  the  system  before  the  interaction  takes  place,  Tr  is  the 
trace,  is  the  grand  canonical  statistical  operator  for  the 
system  before  the  interaction  and  [ , ] are  the  commutator 
brackets.  In  the  above  equation  and  throughput  this  paper 
the  \inits  are  chosen  so  that  -6  = 1. 

The  response  of  a system  to  an  external  magnetic  field 
H(r,t)  may  be  found  via  Eq.  1.8,  yielding  the  magnetization 

«“i/(^,t)»ext  “ 

OD  . 

iE  f -Trlp^jClSj^Cr,  t)  ,M^(r',t')]  (?',€')  , 

y 

(1.9) 

where  9(t-t‘')  is  the  step  function  and 

9(t-t)  •Tr|pQ[My(r,t)  ,M|^(r',  t')]  I is  a retarded  correlation 
function.  The  important  point  to  note  here  is  that  the 
linear  response  result  has  connected  the  quantum  statistical 
average  of  the  magnetization  of  a system  with  space  time  cor- 
relations of  magnetization  before  the  field  is  turned  on. 

In  the  zero  temperature  limit  this  equation  reduces  to 
the  expectation  value  over  the  ground  state: 
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J'dt y*dr"9(t-t')  <[M^(r,t)  ,M  (?',  t)]  )H  (?' t')  , 

P-  -c#  V 

(1.10) 

where  the  expectation  value  of  the  magnetization  is  over  the 
ground  state  of  the  externally  perturbed  system  and  the  ex- 
pectation value  of  the  magnetization  correlations  is  over  the 
ground  state  of  the  unperturbed  system.  As  a matter  of  con- 
venience we  will  from  now  on  use  this  zero  temperature  form. 

For  time  independent  systems  such  as  the  Hubbard  Hamil- 
tonian, we  can  explicitly  display  the  time-translational  in- 
variance that  results  by  first  noting  that 

<[M(r,t)  ,M(r',  t')]  > - 

and  finally, 

<[M(r,  t)  ,M(r',t')]  ) = <[M(r , t-t')  ,M(rO]  > r 
Thus  a> 

My(r,t)  = ij]  ydtydr'<[My(r,  t-t')  >H^(r',t')  , 

V (1.11) 

where  Mj^(?,t)  = M(r,t-t)  = 0 for  t'>t.  This 

equation  takes  on  a somewhat  simpler  form  if  we  take  the 
Fourier  transform  of  My(r,t)  and  write  the  other  functions  in 
terms  of  their  transforms.  After  some  algebra  we  have 

Mj,(3,aj)  = iEE<[Mi,(9,w),M^(-gO])H^(q',ai)  . (1.12) 

The  form  of  the  Fourier  transform  used  throughout  this 
paper  is 

F(r,t)  = I’(q,co)e^^^'"’"‘^^  , (1.13) 


and 


• r-cot) 


F(q,u:)  = ydr  dt  F(?,t)e'’^^‘^*’ 
which  lead  to  the  following  relations: 


(1.14) 
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t 


dr  e 


i(q-^  .? 


qq 


ig^lq-(r-rt 

q 


eCr-r*) 


^yit  - 6(w-a/)  , -^fdui  - fl(t-t') 

where  is  the  Kronecker  delta  and  6(r-?0  is  the  Dirac 
delta  function. 

By  defining  the  generalized  susceptibility  as 

s i<[Mj,(g,aj),M|j^(-30]  > , (i.is) 

Eq.  1.12  takes  on  the  simplified  form 

(1.16) 


This  equation  can  be  further  simplified  for  the  case  of  homo- 
geneous systems.  In  the  case  of  a homogeneous  system,  the 
application  of  the  field  H(r)  translated  by  a distance  ^ 
must  produce  the  same  response  M(r)  translated  by  the  same 
distance  ^ . Since_^the  Fourier  transform  of  the  translated  , 
field  is  given  by  e Fourier  transform  of  the 

translated  response  is  e~^*^M(q),  we  have  then  from  the 
above  equation, 

e"^‘^M  (q,w)  - ELx*^^(q»q»w)e“^^’^  H (q',w)  , 
which  we  write  as 

ll„(3,u)  - EZx‘'^3,3»e-^<’-5>•5H^(g',<4  . (1.17) 

I*  3' 

Since  the  left  hand  side  is  independent  of  ^ for  any 
arbitrary  ^ , the  right  hand  side  must  also  be  Independent  of 
^ . This  implies  that  for  homogeneous  systems 


X (q.qfi*’)  - 
and  consequently. 


X (q,^^)^ 


qq' 


- Lx‘'^(9,‘*J)H,  (5,0)) 


(1.18) 


(1.19) 
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(1.20) 


where,  by  comparing  Eq.  1.15  with  Eq.  1.18,  we  have 

- Y^[Mj^(q,w)  ,M^(-q)]  > . 

The  susceptibility  can  be  written  in  terms  of  the  mag- 
netization directly  by  expressing,  in  the  above  equation, 

M(q,  a;)  in  terms  of  M(r,  t).  Then 

x‘'^(q,aj)  - /dr  dt{iydPe(t)<[Mj^(r+r',t),M^(?)]>}e"^^^'^’‘^\ 

(1.21) 

where  we  have  explicitly  displayed  the  causal  response  of  the 
magnetization  by  the  0(t)  factor. 

We  also  see  from  the  above  equation  that  the  Fourier 
transform  of  x*^^(q>‘^)  Is 

x‘'^(r,t)  - i/dr'0(t)([Mj,(r+r',t),M^(?)l>  . (1.22) 

It  is  instructive  to  look  at  the  implications  of  Eq.1.19 
for  the  case  of  a plane  wave  magnetic  field, 

H^(r,t)  - . (1.23) 

Then, 

H^(q,w)  - 2TTV8^-^a(w-at)H^  . (1.24) 

From  Eq.  1.19  the  transform  of  the  magnetization  is 

My(q,w)  - 2TrV8^jy  6(a)-U3„)X;  x'"^(q,  w)H^  (1.25) 

and  the  magnetization  is  then 

- ^^|:/dw  x‘'^(q,w)  2TTVfi^^^6(u>w„)H^ 

“ (1.26) 

So  we  see  for  this  case  the  amplitude  of  the  magnetization, 

- Ex‘'^(qo,«»)Hj;  (1.27) 

v> 

and  for  the  case  of  a uniform  static  field  (qo*"0,  cOg-O) 

- Ex*'^(0,0)hJ;  (1.28) 

o ^ o 

which  is  the  usual  definition  of  magnetic  susceptibility. 
Thus,  we  see  the  measured  static  s\isceptibility  can  be  calcu- 
lated by  evaluating  Eq.  1.20  in  the  limit  of  q-*0,  cc-O. 
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1.3  The  Dynamic  Susceptibility  and  the  Two-particle  Green's 
Function 

So  far  we  have  shown  a relationship  between  the  dynamic 
sxisceptibility  and  the  magnetization  correlations  in  the  sys- 
tem at  zero  field.  However,  it  is  still  not  possible  to  cal- 
culate the  susceptibility  in  most  cases  becatuse  the  ground 
state  wave  function  of  the  system  is  in  general  not  known. 

One  way  around  this  is  the  use  of  the  powerful  techniques  of 
many-body  perturbation  theory.  In  this  theory,  time-ordered 
Green's  functions  are  calculated  and,  although  they  do  not 
have  the  full  informational  content  of  the  ground  state 
wave  function,  they  do  allow  the  calculation  of  ground  state 
expectation  values.  Also,  the  extension  to  finite  tempera- 
tures allows  us  to  calculate  quantum  mechanical  ensemble 
averages  without  a complete  knowledge  of  the  state  of  the 
system. 

To  use  the  many-body  perturbation  theory  to  calculate 
the  dynamic  susceptibility  we  write  the  spin-density  opera- 
tor, § (r,4:),  for  a spin-J  electron*  system  j?h  the  second 

^ 7 

quantization  form  ; 

where  is  the  Pauli  spin  matrix  in  the  v direction; 
and  0g(r,t)  are  the  creation  and  annihilation  field  operators 
in  the  Heisenberg  picture;  a and  P are  the  spin  direction 
indices.  Because  of  the  double  spin  sum,  the  spin-density 
operator  consists  of  more  than  one  term.  For  example, 

- 0|(r , t)  (r , t)  } . (1.30) 

A significant  simplification  occurs  if  the  spin-density 

A ^ 

operators,  S^(r,t),  defined  by 

S.(r,t)"-  § (r,t)  ± iS^(r,t),  (1.31) 

i X y 

can  be  used  instead  of  Sy(r,t),  for  then 

S^(r,t)  « ^ti|(r,t)0^(r,t)  (1.32) 
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and 


(1.33) 


Thus,  for  a homogeneous,  isotropic  spin  system,  where  the  dy-  j 

namic  susceptibility  can  be  written  as  \ 

* X**(3,'")  ” X^^(Qf'">  “ X^^Cq**")  » (1.34)  I 

the  susceptibility  can  be  written  directly  in  terms  of  the  j 

l§^(r,t)  spin-density  operators.  To  see  this,  first  note  from 
the  definition  of  these  operators,  that 
[S_(r,t),S^(r',t')]  = 

[S^(r,t),S^(r',t')]  + [Sy(r,t),Sy(?;t')] 

-i{[Sy(r,t),S^(r',ir)l  - [S^(?,t),§y(r;t')]}.(1.35) 

Then,  since  for  an  Isotropic  system  the  above  equation  must 
be  invariant  under  an  x,y  interchange,  we  have 

[S_(r,t)  ,S^(r;t')l  - 2[Sj^(r,t)  ,Sj,(r',t')]  . (1.36) 

From  this  equation  and  noting  that  the  magnetization  operator 
is  related  to  the  spin-density  operator  by 

fty(r,t)  - -gM.3l§^(r ,t)  , (1.37) 

the  susceptibility  given  by  Eq.  1.21  can  be  written  as 

i 2 2 

X(q,<*>)  ” -4^ yd?dt  d?'0(t-t')  <[s_(r+r',t)  ,S^(?)] 

(1.38) 

or  .22 

xis,")  - 

(1.39) 

where 

X3'^(F,t;r;t')  - i<[S_(?,t),S^(r,t')]  >0(t-t')  (1.40) 

» i<[^fi(?,t)<i)^(?,t),0j(r;t')<b,(?;t)] >0(t-t'), 

which  is  a two-particle  retarded  Green's  function. 

What  we  have  just  shown  is  that  the  dynamic  susceptibil- 
ity of  a homogeneous,  isotropic  system  can  be  written  direct- 
ly in  terms  of  a single  two-particle  retarded  Green’s 
function.  Although  many-body  perturbation  theory  is  associ- 
ated with  time-ordered  Green's  functions  and  not  retarded 
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Green’s  functions,  once  the  corresponding  time-ordered  func- 
tion is  calculated  the  retarded  function  is  easily  obtained, 
as  weshallsee  later.  The  time-ordered  Green's  function 
which  is  apppropriate  for  finding  the  susceptibility  is 
given  by 

XT'"(?,t;F,t')  -i(T^^(?,t)0f(r,t)0j(r',t')^^(r',t'))  , 

(1.41) 

where  T is  the  time-ordering  operator. 


1.4  Many-body  techniques  and  Spin-density  Fluctuations 

In  this  section  the  basic  techniques  of  many-body  per- 
turbation theory  are  outlined  and  are  applied  to  the  time- 
ordered  Green's  function  defined  in  the  previous  section. 

Then,  using  Feynman  diagrams,  we  show  how  this  Green's 
function  may  be  interpreted  as  a spin-density  fluctuation. 

In  order  to  use  this  perturbation  theory,  the  Hamil- 
tonian representing  the  system  in  the  absence  of  a external 
magnetic  field  is  divided  into  two  parts,  that  is, 

K - + 3C'  , . , (1.42) 

where  5C^  is  taken  to  be  the  unperturbed  system  and  K^the 
perturbing  part  of  the  total  system.  In  the  case  we  will  be 
considering,  3C^  is  taken  to  consist  of  the  one-body  terms  in 
the  Hamiltonian  and  3C" all  the  two-body  Interaction  terms. 

For  example,  3C^  f or  the  Hubbard  Hamiltonian  would  be  the 
intra-atomic  Coulomb  interaction  term,  which  describes  the 
on-site  interaction  between  opposite-spin  electrons. 

The  time-ordered  Green's  function  of  the  total  system  may 
be  found  by  expanding  this  function  in  an  infinite  series  in 
which  all  expectation  values  are  now  to  be  taken  over  the 
unperturbed  ground  state.  The  expectation  values  are  then 
written  in  terms  of  single  particle  Green's  functions  of  the 
unperturbed  system.  The  Green's  functions  of  the  unperturbed 
system  are  asstuned  to  be  known. 

The  expansion  of  the  time-ordered  Green's  function  given 

O 

in  Eq.  1.41  is  given  by 
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dt2  . . . dt^ 

x(T3Chi)3C'(t2)...K'(t„)0l(r,t)0^(r,t)0f(?;t')||)i  (?;€)>  , 

(1.43) 

where  all  the  operators  are  expressed  In  the  interaction  pic- 
ture. A factor,  which  is  equal  to  the  right  hand  side  of 
Eq.  1.43  with  the  field  operators  removed  and  which  divides 
into  this  side  of  the  equation,  has  been  deleted.  The  reason 
for  this  deletion  will  become  clear  shortly.  First  we  point 
out  that  the  two-body  interaction  term  of  the  Hamiltonian  can 

9 

be  written  as 
3C(t^)  - 


(1.44) 


ad- 

PP' 


where  matrix  element  of  the  two-body 

interaction.  From  this  we  can  see  that  each  term  in  the 
expansion  will  consist  of  the  expectation  value  of  the  time- 
ordered  product  of  creation  and  annihilation  operators. 
Wick’s  theorem^^  reduces  this  expectation  value  to  a sum  of 
products  of  single  particle  Green's  functions,  where  the 
single-particle  Green's  function  is  defined  by 

iGag(?,t;r',t')  =-  <T0^(?,t)^i)g(r',t'))  . (1.45) 


As  a bookkeeping  device,  which  keeps  track  of  all  the  terms 
in  the  expansion,  Feynman  diagrams  are  used.  A set  of  dia- 
grams represents  a term  in  the  expansion.  The  linked  Cluster 
theorem^^  shows  that  only  those  terms  which  are  represented 
by  a topologically  connected  diagram  contribute  to  the  siim. 
The  reason  for  this  is  that  the  terms  represented  by  dis- 
connected diagrams  are  divided  out  by  the  denominator  that 
was  deleted.  Thus  the  expansion  given  above  is  correct  if 
only  the  terms  which  can  be  represented  by  connected  diagrams 
are  used. 
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To  represent  a term  in  the  expansion,  a set  of  rules  and 
definitions  is  used.  A solid  line  with  an  arrow  is  used  to 
represent  the  single-particle  Green's  function, 


(r,t) 

a 

G^g(r,t;r',t')  - 

3 

(r,t') 

and  the  representation  of  the  interaction  matrix  element  is 

- ?!  I . 

This  single-particle  Green’s  function  diagram  is  "described" 
by  saying  that  0g(r', t')  creates  an  electron  at  point  (?', t)  and 
that  the  electron  then  propagates  in  space  until  at  a time  t 
and  at  point  r the  action  of  the  operator  0^(r,t)  annihilates 
it.  An  electron  traveling  backwards  in  time  describes  the 
propagation  of  a hole. 

• * -+ 

The  lowest  order  term  in  the  expansion  of  X-j  is 

®XT^(?,t;r',t')  - i<Tj/jJ(r,t)0|(r,t)0f(r',t')0^(r',t')>  , 

(1.46) 

which  from  Wick's  theoimi  is 

°XT''’(r,t;r',  f)  - iG^  ^ (r,t;r',  t')G^  ^ (?' t';r,t)  . (1.47) 

This  zero  order  term  is  represented  by  the  Feynman  diagram. 


(r,t) 


(?',€) 


which  can  be  "described"  as  a transverse  spin-density  fluc- 
tuation of  the  unperturbed  system.  The  point  (?',  t')  repre- 
sents the  action  of  the  transverse  spin-density  creation 
operator  defined  by. 


S.(r',t')  - j/)I(r;t')0,(r'.t')  . (1.48) 


and  the  point  (?,t)  represents  the  action  of  the  transverse 
spin-density  annihilation  operator, 


S_(r,t)  = 

The  fluctuation  is  then  written  as 


(1.49) 


Xt  (r,t;?',t')  - i<T§_(?,t)  S_^(r,t')>  . (1.50) 

The  operator  S^(r', t')  is  viewed  as  creating  at  a time  t'  and 
point  r' an  electron-hole  pair  of  opposite  spin.  It  does  this 
by  spin-flipping  an  electron  at  (?',  t^).  The  pair  then  propa- 
gates in  space  until  at  a time  t and  at  point  r the  action 
of  the  operator  S_(r, t)  spin-flips  the  electron  again  and  the 
electron-hole  pair  is  annihilated,  ending  the  spin-density 
fluctuation. 

The  second  term  in  the  expansion  given  by  Eq.  1.43 
includes  all  first  order  interactions  and  can  be  represented 
dlagrammatically  by  the  sum  of  topologically  distinct  dia- 
grams such  as, 

(r,t)  (r,t) 


(r,  t) 


(?;t') 


(F'.t')  (r',t') 

It  is  possible  by  using  Wick's  theorem  and  the  Linked 
Cluster  theorem  to  make  a set  of  rules  (the  Feynman  rules) 
which  allow  a one  to  one  correspondence  between  an  expansion 
term  and  the  diagrams  representing  the  term.  For  example, 
the  n*^  term  in  the  expansion  includes  all  topologically  dis- 
tinct diagrams  consisting  of  (n-1)  interactions  ( ) and 

2n  electron  lines  ( *—) . From  the  Linked  Cluster  theorem, 

only  those  diagrams  in  which  the  interactions  and  electron 
lines  are  continuously  linked  contribute  to  the  final  sum. 
Other  rules  define  how  the  vertices  are  to  be  labeled,  what 
variables  are  to  be  integrated  over,  and  what  the  coefficient 
of  each  diagram  is.  Once  the  Feynman  rules  are  known,  one 
can  by  looking  at  any  single  diagram  write  down  the 
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corresponding  integral  in  the  expansion.  The  total  expan- 
sion given  in  Eq.  1.43  is  diagrammatically  given  by 


(r  ,t) 


Viewed  in  this  manner  a spin  fluctuation  which  starts  at 
t')  and  ends  at  (r,t)  is  the  sum  of  the  spin  fluctuation 
in  the  noninteracting  system  plus  all  possible  interactions 
which  can  take  place  during  the  fluctuation. 


1.5  The  Dynamic  Susceptibility  in  the  Bloch  Representation 
The  expressions  in  the  previous  sections  have  in  general 
been  given  in  the  coordinate  representation.  However,  when 
considering  the  intra-atomic  Coulomb  interaction  as  approxi- 
mated by  the  Hubbard  Hamiltonian,  it  is  more  convenient  to 
use  the  Bloch  representation.  Also,  the  dynamic  sxisceptlbil- 
ity  can  be  written  in  a somewhat  simpler  form  in. this  repre- 
sentation. To  see  this  we  first  write  the  transverse  spin- 
density  operators,  S^(r,t),  in  Eq.  1.38  in  terms  of  their 
Fourier  transforms.  The  dynamic  susceptibility  for  the  homo- 
geneous, isotropic  system  then  becomes 

ig2^2 

X(g,t«)  = -^/dt<[S_(g,t),S^(-g)]  >0(t)e^“’*.  (1.51) 


Second,  we  write  the  field  operators  in  terms  of  Bloch 
operators  by  using  the  relations 

(1.52) 

and 


(1.53) 


where  the  ’s  Bloch  functions  and  Cg  and  cj  are 

the  creation  and  annihilation  operators  for  the  Bloch  state, 


e.g.,  <?l4lo>  - <r|E>  - bj.<r)  , (1.53) 

|o)  being  the  vacuum  state.  The  transverse  spin-density 
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(1.55) 


creation  operator  is  then  given  by 

and 

This  expression  simplifies  in  the  tight-binding  approxima- 
tion, if  the  integral  is  written  in  terms  of  Wannier  func- 
tions, W(P-R^),  where  is  the  coordinate  vector  of  the  i 
lattice  site.  Noting  that 

bg(r)  - W(r-Ri)  , (1.57) 

where  N is  the  number  of  lattice  points,  S^(q)  becomes 

s+(q)  - 

1 V'  o •tur/z:  o •»  ^ik'-Rv  -iq*?  t ^ 


th 


'if* 


iE  E /drW*(r)W(?+5i-Ri')  e^<E-E-q)  -Rl 

CC'if*' 


-iS'-  (Ri-Ri')  -iq-?  t 

® °kt®kl 


-iic'.AR  -iq.r 

r*  . -»  *>  e Cr». 


*(r)W(r+AR)6j- g^-e  « — Cg^Cg,^ 


» ZE  /drW 

» EZydrW*(r)W(r+AR)  ‘^“e’^^'^c^fCg^g^^  . (1.58) 

It  is  now  assimed  that  the  overlap  integrals  for  AR  7^  0 can 
be  ignored  in  comparison  to  the  AR  = 0 integral.  Then 


where 


^+(5)  -5''<5)cj,og^-  , , 
k 


(1.59) 


F(q)  = y*dr  lw(r)  . (1.60) 

The  form  factor,  F(3),  is  substantially  the  form  factor  of 
the  d-state  atomic  orbital  in  this  tight  binding  approxima- 
tion. For  3 small,  |f(3)  | ~1;  |f(0)  | =*  1.  In  a similar 
manner 


S_(3)  - F*(3)2cg^(t)cg_^-^^(t)  . (1.61) 

After  substituting  these  expressions  into  Eq.  1,51  and  re- 
labeling, we  obtain  the  desired  result  for  the  dynamic 
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susceptibility, 

ig2^2 

X(5,(u)  = -^^|F(q)| 

^ t ’^e+3,  f )0(t)e^'“'‘^ 

(1.62) 

It  is  convenient  to  define  the  two-particle  Green’s 
function,Xg'*'(q,‘u) , as 

Xr  (3,<")  = ySyit  ^[cgi(t)Cg^^^^(t),Cg/^^^^Cg^]>0(t)e^‘ 

(1.63) 


for  then 


X(q,“>)  " ig‘^M.g|F(5)|^  Xr^(3.‘“)  . (1.64) 

The  corresponding  time-ordered  Green's  function  is  given  by 

xr<5,-)  -7£/d‘<ToJ.(t)cj^5  ,(t)4^;  . 

(1.65) 
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where  it  can  be  shown  that  the  real  and  imaginary  parts  of 
the  time-ordered  and  of  the  retarded  functions  are  related  by 

ReXR^(qf'")  * Re  Xy''’(?,<")  (1.66a) 

and 

ImXg'^(?,«>)  -|^|ImXT'^(?,<")  ; (1.66b) 

thus  the  two  Green's  functions  are  identical  for  <u>0. 

1.6  Many-body  Perturbation  Theory  as  Applied  to  the 
Intra-atomic  Coulomb  Interaction  Term 

The  next  three  sections  concern  the  dynamic  susceptibil- 
ity for  systems  in  which  the  intra-atomic  Coulomb  interaction 
can  be  taken  into  account  by  means  of  the  Hubbard  Hamiltonian, 

^ + i g^i,a^i,-a  » (1.67) 

where  is  the  single  particle  energy  of  a Bloch  electron 
in  5 state,  U is  the  intra-atomic  Coulomb  interaction  energy 
of  two  electrons  of  opposite  spin  in  the  same  Wannier  state. 


(1.64) 


^i,a  * °ia^ia 


(1.68) 
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where  the  and  are  the  creation  and  annihilation 
operators  for  the  Wannier  state,  e.g, 

(r|c^|0)  = <r|i>  = W(r-R^)  . (1.69) 

It  will  be  convenient  to  also  express  the  intra-atomic 
Coulomb  interaction  term  in  terms  of  Bloch  operators.  This 
can  be  done  by  using  the  following  relations  between  the 
Wannier  creation  and  annihilation  operators  and  the  Bloch 
creation  and  annihilation  operators: 


and 


1 „-ik*Ri 

7F® 


(1.70a) 


1 ik-Ri 

^ia  “ 7n®  ^=£1 

Then  after  some  algebra, 


(1.70b) 

we  have  for  the  interaction  term 


K 


2 2 2'a 


(1.71) 


In  using  many-body  perturbation  theory,  we  will  treat  this 
interaction  term  as  the  perturbing  term,  and  the  remaining 
term  given  by 


K = 
o 


fir»Cr*  Cr* 

k ka  kcc 


(1.72) 


will  be  treated  as  the  unperturbed  system. 

Expanding  the  two-particle  Green's  function,  > 

as  was  done  for  x^^C?* t ;r, t)  in  Eq.  1.43,  we  have 


X <T  K(t^)Ktt2) . . •K«tn)4l  t <‘>4v3,  t<=E'l> 

X e^“^  . (1.73) 

Again  we  use  Wick's  theorem  to  reduce  this  expectation  value 
of  time-ordered  product  to  a sum  of  products  of  single 
particle  Green's  functions  for  the  unperturbed  system.  These 
Green's  functions  are  of  the  form 

iG°^.(2,t;2',t')  = <Tcg^(t)c^,(t')>  . (1.74) 


'2a' 
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For  t>t, 

- e'‘®''*s^'®*’<<=Ea<=a->  ■ (1-75) 

Note  that,  if  the  state  (labeled  by  £c')  is  occupied  (i.e.  if 

bj^'/C?^  is  in  the  Slater  determinant  representing  the  ground 

1*  t 

state)  then  * 0.  Otherwise  =■  Now 

making  the  simplifying  asstuaption  that  g.^  is  a monotonic 
increasing  function  of  £ for  all  S in  the  same  direction, 
these  two  equations  can  be  combined  into 


(1.76) 


and  then 


iG°^(S,t;k',t')  - e"^^k(^“'*='^65g6^ci,0(l£l-lSyI) 

- iG°(S,t-t')6gg6c^Q^  , (1.-77) 

where  Sp  is  the  Fermi  momentum  in  the  S direction  and  where 

iGj(£,t)  - e’^®kt0( |g|_|£^|)  ^ t>0  . (1.78) 

Similarly,  for  t<t', 

iGjjj(2,t;£',t')  = -e^®^^65g6(jQ.0(  |kp|-|k|) 

= iGj(£,t-t')6gg^^ct  ’ (1-79) 


(1.-77) 


(1.78) 


where 


iGj(C,t)  = -e^®2*0( |Ep|-|E|)  , t<0  . 


(1.79) 


(1.80) 


The  two  cases  can  be  written  as  a single  case,  if  we  use  the 


Fourier  transform  of  G°(£,t),  which  is 
G°(E,u))  “ — -jT  , 


(1.81) 


\£k,fW/  a A ^ f \ A 0 yjj./ 

where  5f=6>  If  |S|>|Ep|  and  6g“-6 , if  |C|<|£p|,  and  where, 
after  the  Fourier  inversion  to  G°(5,t),  6~*0. 

As  was  done  for  the  transverse  spin-de’Tsity  fluctua- 
tions, f f ) > we  can  write  the  expansion  for  the 
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transverse  susceptibility,  in  terms  of  Feynman  dia- 

grams. Each  interaction  factor  is  represented  by  a dashed 
line, 

t. - U/2  , 

and  each  single  particle  Green's  function  is  represented  by 
the  line, 

t'— ^ t ■ Gj(C,t-t)  » -i<Tcg^(t)c^(t')> 
or 

Where  the  arrow  points  from  creation  to  annihilation. 


The  lowest  order  term  in  the  expansion  of  Eq.  1.73  is 


(1.82) 


and,  after  applying  Wick's  theorem  and  the  Linked  Cluster 
theorem  and  summing  over  S', 


°XT"^(q,<")  = |Ey'dtG°(S,-t)G°(S+q,t)e^‘"*  . (1.83) 

This  can  be  represented  graphically  with  the  Feynman  diagram  ' 


t 


0 


which  can  be  described  as  a transverse  spin-density  fluctua- 
tion in  k space  of  the  unperturbed  system.  At  time  t“0  a 
spin-down  electron  in  the  Bloch  state  k is  spin-flipped  out 
of  the  Fermi  sea  into  the  spin-up  state  k+q, leaving  a spin- 
down  hole.  The  electron-hole  pair  propagates  in  time  until 
at  time  t the  electron-hole  pair  is  annihilated. 

Higher  order  terms  in  Eq.  1.73  (with  3Ctt)  obtained  from 
Eq.  1.71)  are  represented  by  diagrams  which  include  interac- 
tion lines  as  well  as  particle  lines.  By  applying  Wick's 
theorem  and  the  Linked  Cluster  theorem,  one  can  show  that 
only  the  following  two  combinations  of  interaction  and 
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particle  lines  occur: 


There  are  two  points  to  note  from  the  diagrams  which  will  be 
useful  later  in  constructing  the  Feynman  rules  for  a diagram- 
matic analysis.  First,  in  each  diagram,  the  three  parameters, 
5,  and  can  be  viewed  as  crystal  momenta  which  are  con- 
served in  the  interaction.  In  this  view,  each  single- 
particle Green 's-f\inction  line  is  assigned,  in  the  direction 
of  the  arrow,  a momentum  which  is  equal  to  the  Bloch  state 
parameter  labeling  the  Green's  function.  Then  as  the  inter- 
action transfers  momentim  from  one  vertex  to  another  there 
is  conservation  of  momentum  at  each  vertex.  Second,  the  two 
particles  which  enter  into  the  interaction  have  opposite 
spin  states  before  and  after  the  interaction.  This  will 
occur  if  the  spin  states  of  both  particles  either  remain  the 
same  or  if  both  change.  A single  spin  flip  is  not  allowed 
by  the  interaction,  and  only  particles  in  opposite  spin  states 
interact . 

1.7  Diagramming  the  Intra-atomic  Coulomb  Interaction  in 
E,u)  Space 

Although,  in  principle,  we  could  now  construct  the 
Feynman  rules,  it  turns  out  to  be  more  convenient  to  first 
write  all  the  time-ordered  Green's  functions,  G®(E,t),  in 
terms  of  their  Fourier  transforms , G°(Ic,oo) , and  Integrate  over 
all  time  variables.  The  simplification  that  occurs  by  this 
change  to  u)  space  can  be  illustrated  by  changing  a time 
dependent  diagram  into  an  m dependent  diagram.  As  seen  from 
the  previous  section,  an  interaction  diagram  can  be  drawn  in 
t space  as  follows: 
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-‘2>  - 


which  after  the  integration  over  t yield  a delta  function,  i.e., 
-i-T  /■dte^‘'"4-"'3-'“2+"l>'^  - _l 

Because  of  the  delta  function  we  can  immediately  integrate 
over  to^,  thereby  reducing  the  number  of  variables  in  a dia- 
gram by  one  for  each  interaction  line  in  the  diagram.  The 
new  labeling  for  an  interaction  diagram  becomes 


(Note  that  if  we  consider  the  interaction  as  transferring  an 
energy,  tug-uij^,  then  there  is  conservation  of  energy  at  each 
vertex) . After  repeating  the  above  procedure  at  each  inter- 
action, we  are  left  with  one  time  integration  at  the  end  of 
the  spin-fluctuation, 


X 

k ^^k+q 


Since  the  transformation  introduces  the  factors 

and  and  since  there  is  also  the  e^^*  factor  from 

2Tt 

Eq.  1.73,  the  integration  over  t yields 


(2n)‘‘ 


J4.  -i(U)-(U-(B)  t 1 . , 4 / V 

45  TT 


Finally  after  integrating  over  u),  we  find  the  labeling  becomes 

-A  k+q , <u+u) 

Thus  there  is  momentum  and  energy  conservation  associated 


24 


with  the  internal  parameters,  (k,u/),  but  not  with  the  external 
parameters,  (q,u)),  which  are  the  arguments  of  the  dynamic 
susceptibility. 

We  are  now  in  a position  to  write  the  Feynman  rules  for 
k,(u  space.  These  rules  allow  us  to  go  directly  from  a diagram 
to  a term  in  the  perturbation  expansion  (Eq.  1.73)  of 
and  are  listed  as  follows  for  the  n*^  -order  contribution  to 
the  expansion; 

1)  Draw  all  topologically  distinct  connected  diagrams 
with  n interaction  lines  and  2n  + 2 directed  Green's -function 
lines.  Each  of  the  2n  + 2 vertices  has  a directed  line 
entering  and  leaving.  The  two  vertices  which  are  not  con- 
nected to  an  Interaction  line  represent  the  start  and  end  of 
the  spin-fluctuation. 

2)  Label  each  directed  Green's  function  line  with  a 
crystal  momentum  H'  and  an  energy  w'  consistent  with  conserving 
momentum  and  energy  at  all  interactions  and  assiune  a momentum 
q and  energy  cu  enters  at  the  start  of  the  fluctuation  and 
leaves  at  the  end  of  the  fluctuation. 

3)  Label  the  spin-state  of  each  Green's  function  line 
such  that  the  two  interacting  particles  have  opposite  spin- 
states  entering  and  leaving  the  Interaction.  If  both  spin- 
flip  and  non  spin-flip  scattering  can  take  place,  use  a and 
-a  to  label  these  spin-states. 

4)  Each  diagram  represents  a product  of  Green's  func- 
tions and  Interaction  factors.  Each  Green's  function  line 
corresponds  to  the  factor 

G„(£>')  - . ^ , 

a (u-&«riOT;< 


where 


5)  S\un  over  all  spin-states  labeled  by  ±a.  Sum  over  the 
n+1  independent  momenta  and  integrate  over  the  n+1  indepen- 
dent energies. 

6)  Multiply  by  the  factor 

(-l)^(i)°~^ 

2ttV(2ttN)*^ 


where  F is  the  number  of  closed  loops  of  particle  lines  in 
the  diagram. 

This  last  rule  comes  from  the  fact  that  each  Green's 
function  introduces  a factor  1 and,  since  there  are  2n+2 
Green's  functions,  we  get  a factor  i . A factor  ^(-i)“” 
comes  from  the  expansion  given  in  Eq.  1.73.  (The  n!  in  this 
equation  is  cancelled  by  the  n!  topologically  indistinguish- 
able diagrams  which  result  from  Wick's  theorem).  The  factor 
comes  from  the  n+1  Fourier  time-transforms,  and  the 
factor  n”  comes  from  the  n 3C(t)'s.  The  (-1)  comes  from  the 
fact  that  each  Interchange  of  creation  and/or  annihilation 
operators  introduces  a mintis  sign,  and  an  odd  number  of  inter- 
changes is  required  for  each  loop  before  Wick's  theorem  can 
be  applied.  Thus, 


2n+2 (-1)”“^ 
V 


N-“(-l)^ 


2ttV(2ttN)“ 


which  is  the  factor  of  rule  6. 


1.8  Evaluating  the  Uniform  Excharge-enhanced  Susceptibility 
We  can  approximate  the  exchange-enhanced  dynamic  suscep- 
tibility by  summing  (with  the  aid  of  the  Feynman  rules)  the 
following  set  of  diagrams: 


26 


where 


2TTVi 


^5ydu)"G^(C'(u')Gt(£+q,(o+<u)  -°XT'^(q.(u)  » 

(1.84a) 


(2n)2vNgE"a-'  u 

X § ( kW)  Ga  ( ^+<1 » > 

”°XT^(q>tu)^U  ®XT^(q>(u)  » (1.84b) 

and  so  on.  So  finally  we  have  in  this  approximation, 

o.-+V„o.-+  , o. -+,V„o. -+.2 


x;'"(q,<«)  - "x;""  + + ••• 

T 


^Xn-* 


1-  ^ ^x”^  ' 

and,  from  Eqa  1.64  and  1.65  for  ou>0, 

X(q,tB)  = 1^ v^o  -+ 

Xt 


(1.85) 


(1.86) 


The  dynamic  susceptibility  can  now  be  calculated  by 
evaluating  the  integral  in  Eq.  1.84a.  Changing  the  sum  in 
Eq.  1.84a  to  an  Integral,  assuming  an  isotropic  band,  and 
using  the  effective  mass  approximation  (i.e.,  &j-k^/C2m}, 
where  is  the  effective  mass)  yields 

y* dkWo^  (k',tu')G^  (k+q,u>+a)) 


O -+/;? 

Ct 


Xt' 


(2rrr 


87) 


f dgW -T-^^TTr  I ^ ,(l.i 

(2tt)^  \'+q“^^k'+q 

where  k=lS'|  and  q=|q|.  This  integral  was  first  evaluated  by 
13 

Lindhard  , who  obtained 

°XT^(q.‘")  “ D(Ej,)u(q,u))  ; q-q/q^  , w-uj/Ey  , (1.88) 
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where  D(Ep)  is  the  density  of  d-states  at  the  Fermi  level  per 
unit  volume  per  spin-state,  q^,  the  Fermi  momentum,  Ep,  the 
Fermi  energy,  and  where  the  real  and  imaginary  parts  of 


I 


(1.89a) 


(1.89b) 


(1.90) 


(1.91) 

Rewriting  the  dynamic  susceptibility  in  terms  of  the  density 
of  states, N(Ej.) , at  the  Fermi  level  per  atom  per  spin  state 
yields 


(1.92) 


This  equation  is  the  central  result  of  the  theory  and  is 

equivalent  to  the  random-phase  approximation  formula  obtained 

14 

by  Izuyama,  Kim  and  Kubo 

We  digress  to  point  out  that  ^<5*  1*92  differs 

in  form  from  that  employed  by  most  authors.  It  is  a common 

practice  in  most  theoretical  papers  in  this  field  to  1)  drop 
2 2 

the  g M-o  factors,  2)  use  the  transverse  susceptibility, 

D 


X^|F(q)  |^u(q/qp,,ou/Ej.) 
" 1 - UN(Ep.)u(q/qj.,(o/Ep,) 


u(q,“),  the  Lindhard  function,  are  given  by 


Re  u(q,(i))  = f + ^ 


UJ 

1-^55  ■^2 


and 


Imu(q,a)  s 

f,  / (0  . fiv2i«..,  ; S . a 


The  dynamic  susceptibility  then  becomes 

I 2._  / <>*  1 


f)^>] 


XolF(q)  I u(5,<5) 

l-|uD(Ej.)u(q,5;) 


where  Xq>  Pauli  susceptibility,  is  given  by 
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x”^(q,ou),  which  differs  from  the  sxisceptibility  by 

a factor  of  two,  3)  use  the  atomic  susceptibility  rather  than 
the  volume  susceptibility,  and  4)  use  the  reduced  suscepti- 
bility (the  susceptibility  divided  by  the  square  of  the 
absolute  value  of  the  form  factor) , In  this  paper  none  of  the 

above  have  been  used  and  consequently  the  susceptibility  in 
this  paper  is  closely  related  to  the  magnetization  which  is 
defined  as  the  magnetic  moment  per  unit  volume  (see  Eq.  1.16). 
The  relation  between  the  dynamic  sxisceptibility,  x(q>«*), 
which  we  xise  in  this  paper  and  the  susceptibility,  X(q>w),  in 
which  all  of  the  above  conditions  have  been  applied,  is 

X(q,<")  ” |F(q)  |\(q,(tt)  " h(e  ) l^xU,<") 

^ (1.93) 

Returning  now  to  Eq.  1.92,  we  look  at  the  implications 
of  the  equation  in  some  special  cases.  For  the  case  of  the 
static  susceptibility  we  have,  upon  taking  the  limit  of 
X(q,ou)  as  (o-*0  and  then  q-'O, 


" 1-UN^Ey)  ’ (1.94) 

since  F(0>“1  and  u(0,0)-l.  Comparing  this  equation  with  the 
definition  of  the  Stoner  enhancement  factor  (Eq.  1.5),  one 
finds  that 


S 


1 

1-UN(Ej,)  • 


(1.95) 


Thxis,  we  see  that  in  this  model  the  internal  field  (XM)  pro- 
posed by  Stoner  is  caused  by  the  intra-atomic  Coulomb  inter- 
action between  electrons  of  opposite  spin,  where  X is  given 
by  X - UN(Ej,)/Xq.  The  model  also  gives  the  condition  for  the 
ferromagnetic  instability  (the  point  at  which  the  suscept- 
ibility diverges)  to  be  UN(Ep)=l. 

Further  insight  into  results  of  the  model  may  be 
obtained  by  looking  at  the  magnetization  that  results  when 
the  static,  delta-function  magnetic  field  is  applied  to  the 
system  at  the  origin.  The  magnetic  field  is  given  by 

H(r,t)  = 6(r)  , (1.96) 
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whose  Fourier  transform  is 

H(q,ou)  = 2tt6((u)  . (1.97) 

Using  Eq.  1.19,  taking  the  Fourier  transform,  and  integrating 
over  (u,  we  find  the  magnetization, 

M(r,t)  - ^5x(q,0)e^^‘^  , (1.98) 

q 

that  is,  the  magnetic  response  to  the  delta-function  field  at 
the  origin  is  given  by  the  Fourier  transform  of  the  static 
s\isceptibility . By  writing  the  Llndhard  function  (Eq,  1.89) 
for  the  case  of  (F-0,  i.e,  , 

U(3,0)  - 5 + ^(1-^  , (1.99) 

and  using  this  expression  for  u(q,  (2)  inEq.  1.92,  we  can  evaluate 
X(q,0)  for  various  values  of  the  enhancement  factor  S. 

This  static  susceptibility  is  shown  normalized  in  Fig.  1. 

The  two  solid  curves  give  the  static  susceptibility  for  an 
unenhanced  system  (S~l)  and  an  enhanced  system  (S°>10)  . The 
dashed  curve  is  the  unenhanced  susceptibility  multiplied  by 
a factor  of  10.  The  point  to  note  here  is  that  the  enhance- 
ment is  greatest  for  q“0,  falling  off  until  at  very  short 
wavelengths  (q>2qj,)  there  is  hardly  any  enhancement  at  all; 
consequently  the  greater  the  enhancement  factor,  the  narrow- 
er the  susceptibility  function  is  in  q space.  This  means 
that  magnetization,  which  is  the  Fourier  inverse  of  the 
susceptibility,  will,  in  addition  to  being  enhanced,  extend 
farther  from  the  perturbing  field  for  the  enhanced  case.  It 
is  this  type  of  exchange-enhancement  which  is  partially 
responsible  for  the  giant  magnetization  clouds  which  are 
found  around  an  Fe  atom  in  Pd^®. 

1.9  The  Spectral  Density  Function  and  Paramagnons 

The  imaginary  part  of  the  dynamic  susceptibility  is  a 
measure  of  the  ability  of  the  system  to  absorb  energy  from  a 
periodic  magnetic  field  of  wave  vector  q and  frequency  u). 

It  is  also  related  to  the  thermal  fluctuations  of  the  magnet- 
ization of  the  system  before  the  application  of  a magnetic 
field.  This  relationship  can  be  shown  from  the  fluctuation 
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dissipation  theorem,  which  for  a homogeneous  system  can  be 

16 

written  in  the  following  form  ; 


^ fdt  « +M^(?,w)li^(-g)»  , 

(1.100) 

where  0-(kgT)  ^ , and  « » is  the  quantxim  mechanical  ensemble 

average.  For  an  Isotropic  system,  we  have 


1 


^ y"dt  « fl(q,u))M(-q)  » e‘ 


(1.101) 


and  after  integrating  over  (u  and  summing  over  we  obtain 


((  fl(q)l®(-q)  )) 

^ n 

«fl(r)2» 


- (M-M)^  , 


(1.102) 


where  the  last  step  follows  from  the  fact  that  M“0  for  a 
paramagnetic  system.  The  quantity  (M-M)^  is  the  mean  square 
deviation  of  the  magnetization  of  the  system  and  is  a measure 
of  the  magnitude  of  the  magnetization  fluctuations  of  the 
system.  A physical  interpretation  can  also  be  given  to  the 
left  hand  side  of  the  above  equation.  First  note  that  for 
ou>0. 


l + n(ou)  , 


(1.103) 


where  n(u))  is  the  Bose  factor,  and  that 
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Fig.  1. 

The  static  susceptibility  scaled  by  the  pro- 

duct, of  the  Pauli  susceptibility  and  the  form  fac- 
tor squared,  is  shown  as  a function  of  the  ratio  of 
spin-fluctuation  momentum  to  Fermi  momentiun  for  the 
case  of  an  enhanced  system  with  a Stoner  enhance- 
ment factor  of  S=>10  and  for  the  case  of  an  enhanced 
system  (S=l) . The  dashed  curve  is  the  scaled 
susceptibility  of  the  unenhanced  system  multiplied 
by  a factor  of  ten. 
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(1.104) 


l-e-S” 


J / l-e^” 


OD 

/ 


where  the  last  step  follows  from  the  fact  that 


Im  x(q.-a))  ^ Im  y(q.u)) 

l-e®”  i-e-®*"  ’ 

which  can  be  easily  shown  from  Eq.  1.101. 
Eq.  1.102  as 


(M-M) ^ 


(1.105) 

Now  rewriting 

(1.106) 


the  following  interpretation  is  suggested.  The  factor 
fl+n(cu)3  is  viewed  as  the  amplitude  to  which  the  magnetiza- 
tion fluctuation  of  wave  vector  q and  frequency  m is  therm- 

2 

ally  excited.  The  factor  ^ Im  x(q,u))du)  is  the  number  of 

magnetization  fluctuations  between  u)  and  cu+dcu  for  a fixed 

2 

wave  vector  q.  Thus,  ^Imx(q,(u)  is  the  density  of  the 
magnetization  fluctuations  in  ou  space  (a  spectral  density)  . 
The  spectral  density  function  is  usually  defined  as 

A(q,u))  =2lmx(q,ou)  , (1.107) 

which  differs  from  the  above  suggested  distribution  function 
in  magnitude  only.  From  the  close  relationship  between  the 
magnetization  and  the  spin  density  (Eq.  1.37),  it  may  be  noted 
that  the  above  spectral  density  function  is  (to  within  a 
normalizing  factor)  the  spectral  distribution  of  the  thermal- 
ly excited  spin  density  fluctuations  of  the  system. 

The  spectral  density  function  is  also  useful  for  deter- 
mining the  existence  of  long  lived  collective  excitations  in 
the  system.  Whenever  there  is  a coupling  between  the 
exchange-enhanced  band  of  electrons  and  some  external  energy 
source,  such  as  a magnetic  field,  a beam  of  neutrons,  or  the 
conduction  electrons  in  the  metal,  there  will  be  an  inter- 
change of  energy  which  will  excite  spin-fluctuations  in  the 
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system.  In  general,  this  excited  state  is  not  an  energy 
eigenstate  of  the  system  and  will  therefore  yield  energy 
eigenvalues  which  spread  over  some  range  of  energies.  If 

the  spread  is  small  compared  with  the  average  excitation 
energy,  then  the  excitation  can  be  treated  for  some  purposes 
as  a particle  with  a finite  lifetime  (a  quasiparticle) . The 
energy  distribution  for  a spin-fluctuation  excitation  of  wave 
vector  q is  given  by  the  spectral  density  function.  The 
inverse  of  the  half-width  of  the  spectral  density  function 
defines  the  lifetime  (t)  of  a quasiparticle.  For  the  quasi- 
particle picture  to  hold,  the  average  energy,  cu,  must  be  much 
greater  than  1/r,  i.e. 

tur  » 1 . (1.108) 

For  exchange-enhanced  systems  whose  susceptibility  can 
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be  represented  by  Eq.  1.92,  Doniach  showed  that  the  spec- 
tral density  function  develops  a peak  which  becomes  larger 
and  sharper  as  the  Stoner  enhancement  factor  increases.  In 
Fig.  2 the  spectral  density  function  is  shown  as  a function 
of  ou/Ep.  As  the  enhancement  increases  from  the  unenhanced 
case,  S=l,  the  peak  becomes  sharper  and  moves  closer' to  zero. 
For  a given  enhancement  factor,  the  peak  in  the  spectral 
density  function  becomes  larger  and  sharper  as  q approaches 
zero.  This  is  seen  in  Fig.  3 where  the  spectral  density 
function  is  shown  as  a function  of  tu/Ep,  for  various  values  of 
q/qp  and  for  3=10.  Thus,  for  small  q and  (u  it  appears  that 
the  quasiparticle  concept  may  be  valid. 

For  w/^  « 2 and  q<2,  the  Lindhard  function  (given  by 
Eq.  1.89)  can  be  approximated  by 


u(q,5j) 


w • 


(1.109) 


It  then  follows  that 


Im  x(q,(5) 


where 


T=l-S 


(1.110) 


For  S » 1 the  enhancement  peak  in  the 
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Fig.  2. 

The  spectral  density  function  A(q,u)),  scaled  by 
twice  the  product  of  the  Pauli  susceptibility  and 
the  form  factor  squared,  is  shown  as  a function  of 
the  ratio  of  the  spin-fluctuation  energy  to  the 
Fermi  energy  for  a momentvim  ratio  fixed  at  0.5, 

The  value  of  the  Stoner  enhancement  factor  labels 


the  curves. 


1 


Fig.  3. 

The  spectral  density  function  A(q,u)),  scaled  by 


twice  the  product  of  the  Pauli  susceptibility  and 
the  form  factor  squared,  is  shown  as  a function  of 
the  ratio  of  the  spin-fluctuation  energy  to  the 
Fermi  energy  for  a Stoner  enhancement  factor  fixed 
at  10.  The  value  of  the  momentum  ratio  labels  the 
curves . 


(1.111) 


spectral  density  function  occurs  at 


OU  ^ 


4qEj. 

TTSqj.  * 


Taking  the  lifetime,  t,  to  be  the  reciprocal  of  the  width  at 
half  maximum,  one  finds  that 

UJT  ~ 1 , (1.112) 

independent  of  the  value  of  S or  q,  indicating  that  these 
excitations  are  critically  damped  and  cannot  be  treated  as 
quasiparticles . Nevertheless,  these  critically  damped,  spin- 
fluctuation  excitations  are  called  "paramagnons" — a name 


which  would  normally  imply  quasiparticles. 


1.10  Locally-exchange-enhanced  Susceptibility 

The  use  of  Eqs.  1.19  and  1.20  for  the  dynamic  suscept- 
ibility and  the  use  of  the  Hubbard  Hamiltonian  Implies  that 
the  system  is  translationally  Invariant.  Consequently,  a 
different  approach  is  needed  when  the  intra-atomic  Coulomb 
interaction  differs  from  site  .to  site  as  in  the  case  of  an 
alloy  system.  One  approach,  which  has  proved  very  successful 
for  the  case  of  dilute  amounts  of  impurities  in  a host  matrix, 

is  a local  enhancement  model  based  upon  both  the  Hubbard  and 

18 

the  Wolff  Hamiltonians. 

When  an  impurity  atom  replaces  a host  atom,  the  crystal 
potential  and  the  intra-atomic  Coulomb  potential  between 
electrons  at  the  impurity  site  are  changed  by  an  amount  Av 
and  respectively.  Such  a system  can  be  represented  by 
the  Hamiltonian: 

K-  , (1.113) 

where  is  the  Hubbard  Hamiltonian  representing  the  system 
before  the  replacement  of  a host  atom  by  an  impurity  atom. 

The  single-body  term  in  the  Hamiltonian, 

additional  contribution  to  the  energy  of  the  system  caused  by 
the  change  in  the  crystal  potential  over  that  of  the  host. 
Similarly,  the  two-body  term,  J ^ ^ nj  , is  the 
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additional  contribution  to  the  energy  caused  by  the  change  in 
the  intra-atomic  Coulomb  interaction  over  that  of  the  host. 

In  the  discussion  which  follows,  the  dynamlc-ef fective- 
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field  approximation  \ised  by  Lederer  and  Mills  will  be 
presented.  (This  approach  yields  a solution  for  the  suscep- 
tibility which  is  equivalent  to  the  random  phase  approxima- 
tion?®) We  begin  by  applying  a magnetic  field, 
in  the  z direction  to  a system  whose  Hamiltonian  is  given  by 
Eq.  1.113.  The  interaction  of  this  field  with  the  system 
results  in  the  addition  of  a Zeeman  term, 

3(f**(t)  - - y* dra^(r,t)he^^^®*^““’®*^  , (1.114) 

to  the  Hamiltonian.  The  magnetization  operator  (obtained 
from  Eqs.  1.37  and  1.30)  is 

-f|)](r,t)l|l^(r,t)}.  (1.115) 

If  the  field  operators  are  written  in  terms  of  the  Wannler 


creation  and 

annihilation  operators 

by  using  the  relations 

(r,t) 

••  Sw*(r-^^)c^^(t) 

(1.116) 

and 

X 

«<>a(?,t) 

- Ew(r-R^)Cj^^(t)  , 

(1.117) 

then  the  magnetization  operator  becomes 


* - 

ft2(?,t)  - (?-R^)W(?-R^,)  X 

{c^^  (t)c^/,  (t)  - cjl  (t)c^/|  (t)  } . 

(1.118) 

Thus,  the  Zeeman  term  (Eq.  1.114)  becomes 

3<^''*(t)  - ^F(3^)2:Cn^^(t)  -n^^(t)}e^^^o*^i-"o^^ 

^ (1.119) 


where  the  assumption  that  the  overlap  Integrals  can  be 
neglected  has  been  used  when  integrating  over  r (see  the 
derivation  of  Eq.  1.59). 
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The  effective-field  approximation  consists  in  replacing 
the  two-body  operator  J En^^^n^  in  the  Hamiltonian  by  the 

single-body  operator,  E (n  > n.  , where  <n.  is  the 

a i»~<^  i,a. 

average  number  of  particles  with  spin  a in  the  cell  i and  is 
to  be  calculated  in  a self-consistent  manner.  (Since  the 
external  field  is  time  dependent,  (n^^  will  also  be  time 
dependent.  We  display  this  time  dependence  as  <n.  „(t)>.) 

X p ^ 

After  the  above  approximation  is  made,  the  total  Hamiltonian 
(given  by  Eq.  1,113  plus  the  Zeeman  term,  Eq.  1.114)  becomes 


5Via=ka*”2<ni  (t)>n  (t)+i!cE<ni,a(t)>"i  -(t) 

ka  ia  a * * 

+ AV2Inj^^(t)  +ig^i3F(q^)2  (t)-n^^  (t)  } . 

^ (1.120) 

Defining  the  operator, 

Sj(t)  ■ Jfnif (t)-n^;(t)}  , (1.121) 

which  is  related  to  the  spin-density  at  the  i site,  we  note 


that 


(S^(t)>  - H<nit(t)>-<n^^(t))} 


(1.122) 


is  the  value  of  the  spin  associated  with  the  i site.  We  also 


define 


(1.123) 


which,  since  the  total  number  of  electrons  on  each  site 
remains  the  same,  is  the  time  average  of  the  number  of  elec- 
trons associated  with  the  i site  and  associated  with  a given 
spin  state.  It  then  follows  from  the  above  two  definitions 
that  the  expectation  value  of  the  spin-up-electron  density 
associated  with  the  i site  is 


<n^l (t) ) - n^  + <S^(t) > 
and  for  the  spin-down  case  is 
<n^;(t)>  ~ <S^(t)>  . 


(1.124) 


(1.125) 


Using  these  results  in  the  Hamiltonian  given  by  Eq.  1.120  and 
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rearranging  terms  results  in 

K(t)  - 5V*c^+«ESiE"i,a<‘> 

+ L (t)  - n^^  (t)  } 

xfgHghF(q^)e^^^o'®  -2U(S^(t)>  -2^<Sj(t))}]  . 

(1.126) 

The  last  svuninatlon  in  this  equation  is  very  similar  to  the 
Zeeman  term  given  by  Eq.  1.119  and,  as  we  shall  see  later,  it 
is  possible  to  express  this  term  as  the  magnetization  times 
an  effective  field. 

Solutions  for  the  s\isceptiblllty  of  a system  represented 

by  the  above  Hamiltonian  have  been  given  for  two  limiting 

21  19 

cases:  1)  for  the  case  when  U-0,  and  2)  for  the  case 

when  ^n^  ^ - 0.  It  is  the  latter  case  that  is  of  inter- 

est here,  for  this  is  the  case  that  is  most  likely  to  apply 
to  the  Isoelectronlc  exchange-enhanced  alloys. 

The  result  of  neglecting  the  effective  change  in  poten- 
tial at  the  impurity  site  (^n^  + greatly  simplifies  the 
problem,  for  then  it  is  possible  to  treat  the  application  of 

a magnetic  field  to  the  inhomogeneous  system  as  equivalent 

ef  f 

to  applying  a new  field,  H , to  a homogeneoiis  system.  To 
see  this  we  first  note  that  the  Hamiltonian  in  Eq.  1.126 
reduces  to 


when  (2)Unj+^)  and  h are  taken  to  be  zero.  That  this  Hamil- 
tonian represents  a xmlform  system  is  seen  by  solving  for  n^ 
in  a self-consistent  manner  and  showing  that  n^  is  Independent 

of  the  site  1.  This  homogeneity  can  also  be  seen  from  the 
22 

Friedel  sum  rule  . This  rule  directly  relates  the  excess 
charge  density  at  the  impurity  site  to  the  phase  shifts  which 
occur  in  the  wave  function  as  a result  of  the  impurity  chang- 
ing the  potential  at  the  site.  Since  for  the  above  case  the 
potential  is  assumed  not  to  change  upon  the  addition  of  the 
impurity,  the  Friedel  sxim  rule  says  that  the  electron  density 
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at  the  impurity  will  be  the  same  as  at  a host  site. 

The  dynamic  susceptibility  of  the  above  system  is 

“ Xq  |F(q)  |^u(q/kj,,a)/Ej.)  , (1.128) 

which  is  the  same  as  that  for  an  unenhanced  system  (see 
Eq.  1.92  for  U-0) . To  see  this  we  use  the  independence  of  n^^ 
upon  location  to  write  the  interaction  term  as 


where  we  then  note  that  Sn^^^  is  the  operator  which  gives  the 
number  of  electrons  in  the  d band.  Since  this  number  remains 
fixed,  the  interaction  term  will  act  as  a constant  and, 
although  it  will  change  the  energy  of  the  system  by  a con- 
stant amount,  it  will  not  change  any  of  the  dynamic  proper- 
ties of  the  system.  Therefore  the  susceptibility  of  this 
system  is  the  same  as  the  system  represented  by  Eq.  1.67  with 
U=>0. 

Since  the  effective  magnetic  field  intensity  is  that 
field  which  when  applied  to  the  homogeneous  system  will  yield 
the  same  magnetization  as  the  actual  field  when  applied  to 
the  inhomogeneous  system,  the  magnetization  in  both  systems 
can  be  found  from  the  relation 

faff 

M(q,u))  - XQ(q><")H®  (q,u))  . (1.130) 

ef  f 

To  find  H (q,(u),  first  note  that  the  Zeeman  term  for  an 
isotropic  homogeneous  system  can  be  written  as 

3(f**(t)  - -/dr  fl2(r,t)H^(r,t)  , (1.131) 

for  a field  in  the  z direction.  This  equation  becomes 

3<^**(t)  - (-q,t)H  (q,t)  (1.132) 

V w z 2 

after  the  magnetization  and  the  field  have  been  written  in 

tenns  of  their  spatial  Fourier  transforms  and  after  the  r 

ef  f 

Integration  has  been  performed.  Then  H (q,<u)  can  be  found 
by  comparing  this  equation  with  the  Zeeman  term  for  the  homo- 
geneous system.  This  term  (the  last  sximmatlon  in  Eq.  1.126) 
may  be  written  as 
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2][s^(t){g^A3F(qQ)he^^^o•Ri-«'ot)  + 2U<S^(t)  > + 2^<Sj  (t)  > }]  . 

^ (1.133) 

To  make  the  comparison  it  is  convenient  to  define 

S^(t)  = ES^(t)e"^^‘®i  (1.134) 

^ i 


which,  when  inverted,  yields 

sf  (t)  . tes?(t)e‘5-ai 


■1'-'  - 


(1.135) 


Substituting  the  above  expression  for  S^(t)  into  the  Zeeman 
term  and  smnming  over  i yields 

(1.136) 

The  spatial  Fourier  transform  of  the  magnetization  operator 
(given  by  Eq.  1.118)  is 


^^(q.t)  = -gp.BF*(t)Esf(t)e"^‘l’®i 
- -gpiBF*(q)S^(t)  , 


(1.137) 


where  again  we  have  neglected  the  contribution  from  the  over- 
lap integrals.  If  this  equation  is  used  to  write  in  terms 
of  si  (q,t)  and  if  the  impurity  is  taken  to  be  at  the  origin, 
then  the  Zeeman  term  becomes 

3C®^^t)  - 

-teK(-q,t)[Vh6gg  e-i-ot.  2VIMU,t)  2V^^^3Z 

^ Ng?^x;|F(q)r  N2g^XgF(q)5  ^ ^ 

(1.138) 

By  comparing  this  equation  with  the  Zeeman  term  given  in 
Eq.  1.132,  we  see  that  the  Fourier  transform  of  the  effective 
field  can  be  written  as 
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- Vh6„  e-i-ot  ^ 2v™ia^  . J.Y.^_^(s;,(t)) 


Ng‘ 


B* 


or 


H®^^(q,u)) 


- 3 

Ng^^A3l^(q)r  ir 


2Y£i] 


Z<Sa'(<")>  , 

'gM-BF(q)  5-  ^ 

(1.139) 


M(q,tu)  » X(q»'")HQ(q,uj)  - XCq*®) 


where  H^(Q»<")“2TTV6qq  6(<u-u>Q)h  is  the  Fourier  transform  of  the 

applied  field,  h.  ° 

ef  f 

Substituting  H (q,u))  given  above  into  Eq.  1.130,  solv- 
ing for  M(q,(u),  and  using  Eq.  1.92  to  simplify  the  relation 
yields 

g^iBF(q) 

(1.140) 

where  x(^>“’)  is  the  exchange-enhanced  susceptibility  of  the 
host. 

We  can  find  the  dynamic  susceptibility  of  the  locally 
enhanced  system  by  first  writing  <S^(ou))  in  terms  of  the 
magnetization  (see  Eq.  1.137)  and  subsltuting  the  result  into 
Eq.  1.140.  This  yields 

M(q,tu)  ° X(qi“>)H  (q,m)  -X(q>m)  6 ^ 

° irg^liBF(q)  5'  F (q') 


and  after  repeated  Iteration  yields 


M^q,(o)  = X(q»'")H  (q,<«)  +X(<1»‘")  fc ^ 

o irg^HBF(q)Ll'  F (q')  ° J 


( f N^g^p.R|F(q')r  L ^N^g^4lF(q‘)rJ 


X(q»‘")H  (q,<u)  + 

° N2g^^;F(q)Lg'  AcD  ° J 


^ lF(q)PJ 


sj 

a'  ( 


.(u)2V^ 
q n g~M-B 


B 

-1 


X(q,<")6;77?'+ 


AJN(Ej.)X(q,au)x(q>) 

^ NXoF(q)F*(q)Cl-^5?(a))} 


HQ(q»>  , 


(1.141) 
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(1.142) 


r 

I 


where  Xq»  the  Pauli  susceptibility, 

Xq  “ is  ^^3  V > 

has  been  used,  and  where  5?(aj)  has  been  defined  by 


X(tu)  s 


NCEp) 


r5 


x(q.<") 


'O'  g |F(q)| 
Comparing  Eq.  1.141  with  Eq. 


(1.143) 


1.16,  we  see  that  the  dynamic 


susceptibility  of  the  locally  enhanced  system  is 


x(q»q>) 


x(q.'")6 


^ N(Ej.)x(q,‘“)X(Q',<") 
NXoF(q)F*(q)a-^X(u))} 


(1.144) 


The  above  equation  is  the  main  result  of  the  local 
enhancement  model.  It  gives  the  dynamic  susceptibility  of 
an  exchange-enhanced  system  which  contains  a single  locally 
enhanced  impurity  at  the  origin.  It  may  be  noted  that  if  we 
take  the  increase  in  the  intra-atomic  Coulomb  interaction 
energy  at  the  impurity  site  to  be  zero  (i.e.,  AU-0) , then 
the  model  yields,  as  it  must,  the  uniform  exchange-enhanced 
siisceptibility . Thus,  the  first  term  on  the  right  in 
Eq.  1.144  is  the  contribution  of  the  host  to  the  suscept- 
ibility of  the  system  and  the  last  term  is  the  contribu- 
tion of  the  impurity  to  the  susceptibility.  Note  that,  in 
the  susceptibility  given  by  this  model,  all  the  parameters 
are  dependent  only  on  the  nature  of  the  host  except  for  , 
which  depends  upon  the  properties  of  the  impurity  in  the  host. 

This  local  enhancement  model  should  apply  to  the  case  of 
a localized  impurity  which  does  not  form  a local  moment  but 
exhibits  a strong  intra-atomic  Coulomb  Interaction  and  which 
does  not  significantly  change  the  crystal  potential  from  that 
of  the  host.  The  condition  for  the  formation  of  a local 
moment  is  that  the  impurity  contribution  to  the  sxisceptlbll- 
ity  diverge,  i.e.  iStJx(0)-*l. 

It  is  of  interest  to  examine  the  implications  of  this 
formula  for  the  case  of  a uniform  static  applied  magnetic 
field,  h.  The  Fourier  transform  of  this  field  is 
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2tTV6q^Q6««) 


(1.145) 


The  Fourier  transform  of  the  magnetization  is  from  Eq. 1.141 

^N(E  )x(q,u))x(0,u>)'| 

i*  yv  ...  N ^ ^ Q ...  N C 1 OaVr*.  » / X 


M(q,(u) 


‘"^®q,0'^  Nx^FCq) 


(Qf '")X(0»'") 

l-^XCuj)] 


2TTVh6(uj) 


(1.146) 


where  the  sim  over  q' has  been  performed  and  it  has  been  noted 
that  F (0)“1.  The  magnetization  then  becomes 


M(r,t) 


1,0)  ] 


^N(Ej,) 


^"'’''a"^NXj,ll-^x(0)  iW'"  J“ 

(1.147) 

after  the  integration  over  to  has  been  performed.  It  is  of 
interest  to  note  that  when  F(q)  can  be  taken  to  be  unity  in 
Eqs.  1.143  and  1.147  (as  in  the  case  of  a narrow  band  and  a 
large  enhancement)  the  magnetization  at  the  impurity  site  is 
given  by 


M(0,t) 


•»0)  |l  + p— 


msgL. 

-ij5e(o) 


ax(0,0)h  , 


(1.148) 


where 


a - fl-^X(0)3“^  . (1.149) 

Thus,  we  see  that  for  a homogeneous  static  field  the  magnet- 
ization at  the  impurity  site  is  a factor,  a (the  local 
enhancement  factor),  times  the  magnetization  of  the  host  at 
a distance  far  from  the  impurity. 

Finally,  we  exhibit  for  this  system  the  static  suscep- 
tibility that  one  would  measure  experimentally.  This  stiscep- 
tibility  will  be  the  total  magnetic  moment  of  the  system  per 
unit  volume  divided  by  the  uniform  applied  magnetic  field, 
that  is. 


X - y'dr  M(r)  . 

The  magnetization  of  the  system  is  from  Eq.  1.147 
M(r)  - X(0,0)[^l  + caN(Ej,)iSU2:^^f^ 


(1.150) 


(1.151) 


where  we  have  changed  the  system  from  a single  impurity  sys- 
tem to  a dilute  alloy  system.  This  was  done  by  multiplying 
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the  term  which  represents  the  contribution  of  the  single 
impurity  to  the  magnetization  by  the  nvimber  of  impurity 
atoms,  Nj,  and  then  writing  the  impurity  concentration  as 
c=Nj/N.  In  changing  to  a dilute  alloy  system  the  impurity 
concentration  is  assumed  to  be  low  enough  that  the  impurities 
do  not  interact.  The  alloy  susceptibility  is  then 


Xa  “ X(0,0)  +caSN(Ej.)^X(0,0)  , (1.152) 

where  we  have  used  Eqs.  1.150  and  1.151,  integrated  over  r, 
summed  over  q,  and  have  used  the  definition  of  the  Stoner 
enhancement  factor.  Rewriting  this  equation  in  a dimension- 
less form  and  taking  the  limit  as  c-*0  yields 


That  is,  for  a system  which  becomes  locally  exchange-enhanced 
upon  the  addition  of  small  amounts  of  an  impurity,  the  frac- 
tional rate  of  change  of  the  static  susceptibility  of  the 
system  with  increasing  impurity  concentration  will’ be  direct- 
ly proportional  to  the  product  of  the  local  enhancement 
factor,  the  Stoner  enhancement  factor  of  the  host,  the  den- 
sity of  states  per  atom  per  spin-state  of  the  host,  and  the 
change  in  the  intra-atomic  Coulomb  interaction  energy  over 
that  of  the  host. 
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B.  Spin-f luctuction  Resistivity 


Besides  enhancing  the  susceptibility,  the  intra-atomic 
Coulomb  interaction,  U,  is  expected  to  affect  other  proper- 
ties of  the  exchange-enhanced  metals.  For  example,  it  has 
23 

been  calculated  that,  as  a result  of  this  interaction,  the 

tendency  for  parallel  spin  alignment  in  Pd  is  sufficient  to 

completely  suppress  the  Cooper  pairing  (of  opposite-spin 

electrons)  "which  is  necessary  for  superconductivity.  Also  it 
23  24 

has  been  shown  ’ that,  by  including  these  paramagnon 
interactions  in  single-particle  self-energy  corrections, 
there  is  a significant  enhancement  in  the  effective  d-electron 
mass  and  consequently  a corresponding  increase  in  the  low- 
temperature  electronic  heat  capacity  coefficient.  Lastly, 
several  theoretical  calculations^^'^® have 
been  made  predicting  the  effect  of  spin-density  fluctuations 
on  electron  transport  properties.  It  is  the  effect  of  the 
spin-f luc t’lations  upon  the  electrical  resistivity  that  we 
now  consider. 

1.11  Uniform  Enhancement  Model 

If  a metal  were  perfectly  periodic  there  would  be  no 
scattering  of  the  electrons  and  the  electrical  resistivity 
would  be  zero.  However,  impurities,  strains,  thermal  motion 
of  the  ion  cores,  and  thermally  excited  charge-density  and 
spin-density  fluctuations  all  destroy  the  periodicity  of  the 
crystal  to  some  degree.  The  resistivity  that  results  from 
this  scattering  can  be  written  as  the  sum  of  the  individual 
scattering  contributions 

p =•  Pq  + Pp  + Pe  (1.154) 

where  p is  the  contribution  to  the  resistivity  from  the 
o 

electrons  scattering  from  impurities  and  strains,  p is  the 
contribution  from  electron-phonon  scattering  and  p^  is  the 
contribution  from  electron-electron  scattering.  In  general, 
these  three  terms  are  not  independent.  Since  for  scattering 
to  take  place  the  initial  state  must  be  occupied  and  the 
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final  state  unoccupied,  the  resistivity  depends  not  only  on 
the  intrinsic  probability  that  an  electron  will  scatter  from 
one  state  to  another  but  also  on  the  electron  distribution. 
Thus,  if  two  different  scattering  processes  yield  different 
electron  distributions,  then  it  is  not  possible  to  calculate 
the  contribution  to  the  resistivity  of  one  process  without 
considering  the  other . If,  however,  a given  scattering  process 
is  a small  perturbation  upon  the  dominant  scattering,  then 
the  contributions  to  the  resistivity  can  be  considered  to 
be  independent,  for  in  this  case  the  electron  distribution  is 
not  changed  to  first  order.  In  the  following  discussion,  the 
electron-electron  scattering  contribution  to  the  resistivity 
is  considered  to  be  independent  of  the  other  contributions. 

When  considering  the  electrical  and  thermal  resistivi- 
ties of  transition  metals,  one  generally  assvimes  that  the 
electrons  are  in  two  bands:  1)  an  s-llke  band  (nearly-free- 
electron  in  character)  and  2)  a d band,  with  a high  density 
of  states  at  the  Fermi  level  and  with  electrons  whose  effec- 
tive mass  is  large  compared  to  that  of  the  s electrons. 
Because  of  the  high  effective  mass  of  the  d electrons,  the 
current  is  largely  carried  by  the  s electrons.  The  transport 
current  of  the  d electrons  is  usually  neglected  and  the 
electron-electron  scattering  is  taken  to  be  the  result  of  the 

s electrons  interacting  with  the  d electrons  by  either  direct 

32 

screened-Coulomb  interaction  (Baber  scattering)  and/or  by 

an  s-d  exchange  interaction  of  the  form  discxissed  by 
33 

Thompson 


(1.155) 


where  V is  the  volume  of  the  unit  cell,  J is  the  s-d  inter- 
o 

action  parameter,  s(?)  is  the  spin  density  operator  of  the 
electrons  in  the  s band,  and  S(?)  is  the  spin  density  opera- 
tor of  the  electrons  in  the  d band. 

27  34 

Baber  scattering  may  be  regarded  ’ as  a scattering 
process  by  which  the  conduction  electrons  of  the  s-band 
scatter  via  the  screened-Coulomb  interaction  from  the 
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charge-density  fluctuations  of  the  d-band.  This  scattering 
is  illustrated  in  Fig.  4a.  Here  the  incoming  s-electron 
scatters  from  a k state  to  a k'  state  by  creating  a particle- 
hole  pair  in  the  d-band,  via  the  screened  Coulomb  interac- 
tion..r  Since  the  screened  Coulomb  interaction  is  spin  inde- 
pendent, the  spin  states  of  both  the  s electron  and  the 
d electron  do  not  change. 

In  contrast  to  Baber  scattering,  spin-f luctuation  scat- 
tering is  the  result  of  the  conduction  electrons  of  the 
s band  scattering  via  the  s-d  exchange  interaction  from  the 
spin-density  fluctuations  of  the  d band.  The  simplest  type 
of  spin-fluctuation  scattering  is  spin-flip  scattering,  which 
comprises  two- thirds  of  the  spin-fluctuation  scattering  in 
paramagnetic  materials.  An  example  of  spin-flip  scattering  is 
shown  in  Fig.  4b.  Here,  as  a result  of  the  s-d  exchange 
interaction,  the  Incoming  s-electron  spin-flips  to  another 
state  by  creating  an  electron-hole  pair  of  opposite  spin  in 
the  d band.  Unlike  Baber  scattering  where  the  electron  and 
hole  -have  the  same  spin-state,  the  electron  and  hole  have 
opposite  spin  states  in  the  spin-flip  case.  As  a result,  the 
spin  fluctuation  becomes  enhanced  by  the  intra-atomic  Coulomb 
Interaction.  One  can  easily  Imagine  for  the  case  of  a nearly 
ferromagnetic  metal  like  Pd,  where  spin-fluctuations  are 
easily  formed  and  where  the  intra-atomic  Coulomb  interaction 
is  large,  that  spin-fluctuation  scattering  might  well  be  the 

dominant  electron-electron  scattering  mechanism. 

35 

Mills  and  Lederer  were  the  first  to  calculate  the 

electrical  resistivity  arising  from  spin-flip  scattering  from 

enhanced  spin  fluctuations  in  a uniform  material.  This  work 

25  28  30  31 

has  been  extended  by  a number  of  authors  ’ ’ * and  a 

qualitative  dlscription  of  the  temperature  dependence  of  the 
resistivity  found  by  these  investigators  will  now  be  given. 

If  the  spin-fluctuation  temperature  is  defined  by  Tgj,sTj,/S, 
where  Tj,  is  the  d-band  degeneracy  temperature  and  S is  the 
Stoner  enhancement  factor,  then  the  temperature  dependence  of 
the  resistivity,  p,  depends  upon  the  relative  magnitudes  of 
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Tp,,  Tgp,  and  temperature  T: 

p « (T/Tgp)^  , for  Tgj,  » T ; 
p « T/Tgp  , for  Tj,  » T » Tgj,  ; 
p - const.  , for  T » T^,  ; 
p « , for  Tgp-O  and  T « . 

Because  of  the  high  Stoner  enhancement  factor  (S-10)  of 
Pd,  this  metal  is  a good  choice  of  material  in  which  to 
look  for  electron-paramagnon  scattering  effects.  The  resis- 
tivity of  pure  Pd  does  display  the  qualitative  features 

2 

predicted  by  the  theory,  namely  a T dependence  at  low 

temperatures,  a linear  region, and  then  a turning  over  at  high 

31 

T.  The  fact  that  a spin-fluctuation  model  could  be  made  to 

fit  the  data  with  reasonable  values  of  the  parameters  is 

suggestive  of  electr on-par amagnon  scattering.  However,  the 

neglect  of  Baber  scattering  and  s-d  phonon  induced  scattering 

makes  it  far  from  certain  that  the  main  effect  is  spin-flip 

scattering.  Stronger  evidence  comes  from  the  data  of 

25 

Schindler  and  Bice  . In  a series  of  Pd  alloys  containing 

2 

dilute  amounts  of  Ni,  they  measured  the  dependence  of  the  T 

term  in  the  resistivity  upon  Nl  concentration.  Lederer  and 
19 

Mills  then  showed,  using  a local  spin-fluctuation  model, 

that  their  model  would  give  excellent  quantitative  agreement 

2 

at  low  temperatures  if  the  T term  in  pure  Pd  originated 

almost  entirely  from  spin- fluctuation  scattering.  On  the 

25 

other  hand,  Schrlempf  et  al.  have  measured  in  Pd-Nl  both 
the  electron-electron  scattering  contribution  to  the  electri- 


cal resistivity,  p^,  and  the  contribution  to  the  thermal 
resistivity,  w^.  The  best  fit  to  their  results  for  the 
Lorenz  number,  L *p  /(w  T),  in  these  alloys  was  obtained  when 

9 6 9 

it  was  assumed  the  electron  scattering  in  pure  Pd  was  largely 

Baber  scattering  and  not  spin-fluctuation  scattering.  This 

26 

result  agrees  with  an  earlier  calculation  of  Rice  which 
indicated  that  the  Lorenz  number  found  for  Pd  was  largely  a 
result  of  Baber  scattering.  Finally,  de  Chatel  and 
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Fig.  4. 

A s-band  conduction  electron  is  diagrammatically 
shown  scattering  from  fluctuations  in  the  d band. 

In  (a)  the  s electron  scatters,  via  the  screened- 
Coulomb  interaction,  from  a charge-density  fluctua- 
tion in  the  d band.  In*  (b)  the  s electron  scatters, 
via  the  s-d  exchange  interaction,  from  a spin- 
density  fluctuation  in  the  d band. 
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36 

Wohlfarth  have  recently  concluded  in  a review  paper  on 
spin-fluctuation  effects  in  uniformly  exchange-enhanced 
systems  that  up  to  that  date  there  had  been  little 
evidence  which  would  clearly  establish  the  existence  of 
paramagnon  effects  in  any  uniform  nearly-ferromagnetic  metal, 
although  the  strong  evidence  of  spin-flue  fixation  effects  in 

3 

liquid  He  suggests  that  the  theoretical  approach  is  by  and 

large  correct.  Since  their  review,  the  first  unambiguous 

3 24 

observation  of  the  T fTi(T/Tgj,)  term  predicted  by  the  spin- 

fluctuation  model  for  the  specific  heat  of  a unlfoimi  para- 

37 

magnetic  metal  has  been  found  in  the  specific  heat  of  UAlg. 
Thus,  while  spin-fluctuation  effects  exist  in  unifoznnly 
exchange-enhanced  systems,  they  do  not  affect  the  transport 
properties  as  strongly  as  might  have  been  thought  at  first. 
This  is  not  the  case  for  locally  enhanced  systems,  which  we 
turn  to  next. 

1.12  Local  Enhancement  Models  of  Lederer-Mllls  and  Kaiser- 
Donlach 

Evidence  for  the  existence  of  local  spin  fluctuations 

was  obtained  first  in  a study  of  the  electrical  resistivity 

of  a series  of  Pd-Nl  alloys  containing  dilute  amounts  of  Ni. 

It  was  known  at  the  time  that  a concentration  of  ~2%  Ni  in  Pd 

was  enough  for  the  alloy  to  become  ferromagnetic.  It  was 

first  thought  that  this  result  could  be  explained  on  the 

basis  of  the  unifoimi  enhancement  model  described  previously. 

In  order  to  apply  this  theory  to  an  alloy  system,  Schindler 
25 

and  Rice  Introduced  an  average  intra-atomic  Coulomb  inter- 
action energy,  U,  which  was  assumed  to  Increase  as  the 
exchange-enhancing  element  is  added.  To  check  their  model 
they  measured  the  electrical  resistivity  of  a series  of  PdNi 
alloys.  While  the  model  was  able  to  account  for  the  large 

concentration  dependence  which  they  observed  for  the  coeffi- 
2 

cient  of  the  T tenn  in  the  resistivity,  the  model  failed  to 

predict  the  linear  relation  which  they  observed  between  the 
2 

T coefficient  and  the  susceptibility  for  samples  with  con- 
centrations of  less  than  ~1%N1.  Knowing  this,  Lederer  and 
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Mills  showed  that  a resistivity  model  based  on  scattering 

of  conduction  electrons  from  local  spin  fluctuations  (see 

section  1.10)  would  be  in  good  quantitative  agreement  with 

the  PdNi  data.  It  is  this  resistivity  model  of  Lederer  and 

Mills  and  the  later  extension  of  the  model  by  Kaiser  and 
38 

Ooniach  which  we  now  outline. 

The  electrical  resistivity  that  results  from  conduction 
electrons  scattering  Inelastically  from  the  d-band  spin- 

39 

fluctuations  is  calculated  by  using  a variation  technique 
to  solve  the  Boltzmann  transport  equation.  Such  a calculation 
for  a single  isotropic  parabolic  band  of  conduction  electrons 
yields  2kj, 

* - » 5-  r/dkdk'/’dqq^P(5-k')  , 

(2Tr)22n^e%-^-^  J 


(1.156) 


where  0-l/(kgT) , n^  is  the  number  of  conduction  electrons  per 

unit  volume,  e is  the  electronic  charge,  k^  is  the  magnitude 

of  the  Fermi  wave  vector  of  the  conduction  electrons,  qs|k-k^|, 

and  P(k-*^  is  the  probability  that  a conduction  electron  in 

a state  k will  be  scattered  into  a state  k'via  the  s-d 

exchange  interaction  (Eq.  1.155). 

The  transition  probability  (found  by  using  the  Fermi 

Golden  Rule)  can  be  written  as  the  svun  of  two  parts:  1)  the 

probability  that  a conduction  electron  in  a state  k will 

scatter  from  a spin  fluctuation  by  the  absorption  of  a para- 

magnon  and  will  go  into  a final  state  k'of  higher  energy 

(Sg^Sg),  2)  the  probability  that  a conduction  electron  in  a 

state  k^will  scatter  from  a spin  fluctuation  by  the  emission 

of  a paramagnon  and  will  go  into  a final  state  k of  lower 

energy.  The  transition  probability  for  absorption  of  a para- 

38 

magnon  Is  given  by 

3(V^J)2 

P bs<l'^i'>  - |-y  f(eg){l-t(eg^}n(u>)A(q,u))  , (1.157) 

4g  Hg 

where  is  the  energy  of  the  conduction  electrons;  qs|k-k'| 
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and  tus&g-e^  are  respectively  the  momentum^  and  energy^  change 
that  occurs  when  the  conduction  electrons  are  scattered  from 
the  spin  fluctuation  via  the  s-d  exchange  interaction,  A(q,(u) 
is  the  spectral  density  function  giving  the  momentxim  and 
energy  distribution  of  the  spin  fluctuations,  n(tu)  is  the 
Bose  factor  and  is  a measure  of  the  excitation  level  of  the 
fluctuation,  and  is  the  Fermi -Dirac  function.  Since 

f(£g)  gives  the  probability  that  the  state  k will  be  occupied, 
the  factor  l-f(£j')  gives  the  probability  that  the  state  S' 
will  be  unoccupied.  The  transition  probability  for  a conduc- 
tion electron  to  scatter  from  k*  to  S by  the  emission 

38  * ^ 

of  a paramagnon  is  given  by 

3(V  J)^ 

Pem(l'^l')  - 2-2-f(e5^Cl-f(e5)3{l+n(u))]A(q,u))  , 

(1.158) 

where  again  Since  it  can  be  shown  from  the  defini- 
tions of  and  n(tB)  that 

= f(eg,){i-f(eg)}fi+n((u)}  , (1.159) 

the  contribution  to  the  resistivity  from  the  emission  of 
paramagnons  will  equal,  the  contribution  from  the  absorption 
of  paramagnons.  Thus,  we  need  to  consider  only  the  scatter- 
ing by  the  absorption  of  paramagnons  and  multiply  by  a factor 
of  two  to  obtain  the  total  resistivity. 

The  total  spin  fluctuation  resistivity  is  then  given  by 


b V 0 ^^^F 

p - -2^  J dq  q^  ^'^2^  » 


where 


r™c‘vf ffp 

L~^  J n„v„  . 2 > "c*®! 


c c n^e 
c 


„ -F 
^ - 2m  - 


is  Kg 

(1.160) 

2 


and  kj,=-3TTn^  are,  respectivly,  the  density  of  states  per  atom 


t The  units  have  been  chosen  such  that  *=1. 
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per  spin  state  at  the  Fermi  level  of  the  isotropic  parabolic 
band  of  conduction  electrons,  the  Fermi  energy,  and  the  Fermi 
momentxim  of  the  band,  with  m being  the  effective  mass  of  the 
conduction  electrons.  The  resistivity  can  now  be  written  as 


where 


.0  V. 


u)  A (w) 


(1.161) 


/ 


<ie^t(e^){i-f(ek+«)) 


0) 


1-e 


(1.162) 


has  been  used  and  where  S((u)  is  defined  as  a weighted  average 
of  the  spectral  density  function  over  the  wave  vector  q: 


2kj. 


5(u)) 


N(E^)  ^ 

^ /dqq‘^A(q,<i.)  . 


(1.163) 


The  resistivity  in  Eq.  1.161  is  the  total  contribution  to 
the  resistivity  that  results  from  conduction  electrons  scat- 
tering from  spin  fluctuations.  At  this  point  the  equation 
could  apply  either  to  a uniformly  exchange-enhanced  system 
or  to  a locally  exchange-enhanced  system.  The  distinction 
between  the  two  systems  lies  in  the  spectral  density  function, 
A.(.q,(i>) . In  the  following  discussion  wo  shall  obtain  the  con- 
tribution to  the  spin  fluctuation  resistivity  from  locally 
enhanced  spin  fluctuations. 

As  in  the  case  of  a uniformly  enhanced  system,  the  spec- 
tral density  function  for  a locally  enhanced  system  is  found 
from  the  dynamic  susceptibility  of  the  system.  We  use  the 
single  impurity  model  of  Lederer  and  Mills  for  the  dynamic 
susceptibility  of  the  locally  exchange-enhanced  system 
(Eq.  1.144)  and  use  the  relation  A(q,a))“2  Im  x(q,q"q»'‘>)  to 
obtain  the  spectral  density  function.  This  yields  the  spec- 
tral density  function 

A(q,(u)  - Ay(q,u))  + Aj(q,u))  , (1.164) 


where 


AuCq*'")  ” 2 Imx(q,<")  , 


(1.165) 


1 
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Aj(q,<u) 


2c^N(Ej.) 

XolF(q)|^ 


Im 


yi-SixT^)/  ’ 


(1.166) 


and  c is  the  impurity  concentration.  Noting  that  xCqjtu)  is 
the  susceptibility  of  the  host  (c“0) , we  see  that  A^(q,(o)  is 
the  additional  contribution  to  the  spectral  density  function 
that  results  from  the  addition  of  the  locally  exchange- 
enhancing  impurities  to  the  host. 

The  total  spin-fluctuation  resistivity  for  the  locally 
enhanced  system  can  correspondingly  be  divided  into  a contri- 
bution from  the  host  and  from  the  locally  enhancing  impur- 
ities. From  Eqs.  1.161,  1.163,  and  1.164  we  have  that  the 
impurity  contribution  is 


99 

/to 


(U  5 j((u) 
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(1.167) 


Kaiser  and  Doniach''''  have  shown  that,  when  £q.  1.92  is  used 
to  describe  the  exchange-enhanced  host,  the  weighted  average 
of  Aj(q,(u)  can  be  written  as 


(<u) 


ou 


l+U) 


(1.168) 


where 

(u  s Imx(u))  , (1.169) 

and  a is  a parameter  which  depends  upon  the  properties  of 
both  the  host  and  the  impurity  but  is  to  a good  approximation 
independent  of  u). 

For  the  case  of  strongly  locally-enhanced  systems,  the 
peak  in  A^(uu)  will  occur  at  a value  of  u)  low  enough  that 
taking  Imx((u)  to  be  linear  in  u)  will  yield  a good  approxima- 
tion for  Aj(u)).  Since  uJ  will  then  be  directly  proportional 
to  <u,  we  can  define  a parameter 

(1.170) 


T s 
s 


ou 


which  will  be  largely  independent  of  (u.  If  one  considers  the 
characteristic  energy  of  the  local  spin-fluctuation  to  be 
given  by  the  value  of  to  at  the  peak  of  the  spectral  density 
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f\inction,  then  is  this  characteristic  energy  and 

Tg  is  the  spin-fluctuation  temperature. 

The  general  form  of  the  spectral  density  function  A^(u)) 
is  shown  in  Fig.  5,  where  5j(tu)/a  is  shown  as  a function 
of  (u/lCgTg.  At  small  u)  (<u«lCgTg)  this  spectral  density  func- 
tion increases  linearly  with  ou,  then  peaks  at  k^T  and  falls 

“ ®30 

off  as  1/u)  as  u)-**.  The  form  shown  here  is  similar  to  the 
weighted  average  of  the  spectral  density  function  of  a 
uniform  exchange-enhanced  system,  and  consequently  the  two 
systems  will  show  qualitatively  similar  resistivity  behavior. 

The  contribution  to  the  resistivity  that  results  when 
the  conduction  electrons  scatter  from  the  enhanced  spin 
fluctuation  around  the  impurity  sites  is  obtained  by  insert- 
ing 5j(«»)  for  the  spectral  density  function  in  Eq.  1.167. 

This  yields 


¥ 


^2 

U) 


(e“/T-l)(l-e-‘"/'')(l+Sr2j 


(1.171) 


afte'r  T»T/T_  and  ajj  t have  been  Introduced. 

S SODS 

This  equation  is  the  central  result  of  the  Kaiser  and 
Donlach  model.  In  Fig.  6 we  show  Pj/^^Pg  a function  of 
T/Tg.  At  high  temperatures  the  curve  becomes  linear  and  the 
resistivity  reduces  to 

Pi  - cpg{5^-|}  , for  T » Tg  . (1.172) 

s 

This  limit  is  shown  by  the  dashed  straight  line  in  Fig.  6. 

At  low  temperatures  the  resistivity  reduces  to 


cp  tt  2 

— V 

STj 


for  T « T 


s 


(1.173) 


which  is  shown  by  the  dashed  parabola  in  Fig.  6.  The 
spin-fluctuation  temperature  acts  as  a dividing  point  between 
the  two  regions.  The  actual  shape  of  the  resistivity  cvirve 
that  will  be  observed  depends  upon  the  spin-fluctuation 
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I 

Fig.  5. 

The  weighted  average  of  the  spectral  density  func- 
tion for  a locally  enhanced  impurity  is  divided  by 
38 

the  parameter  a,  and  the  result  is  shown  as  a 
I function  of  the  spin-fluctuation  energy  divided  by 

kgTg, which  is  the  energy  at  which  the  spectral 
density  is  a maximum.  The  energy  kpT  defines  the 

I o S 

local  spin-f luctuation  temperature,  T , 

s 


lb 


i 

i 
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Fig.  6. 

The  Kaiser-Doniach  universal  curve  for  the  resis- 
tivity from  local  spin  fluctuations,  where  Pj  is 
the  spin-fluctuation  resistivity  from  the  locally 
enhanced  impurities,  c is  the  concentration  of  the 
impurities,  and  p , T are  the  scaling  parameters. 
The  dashed  curves  show  the  low  and  high  temperature 
limits. 
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temperature  and  upon  the  temperature  range  over  which  the 
measurements  are  made.  For  example,  if  the  spin-fluctuation 
temperature  is  at  the  low  end  of  the  measured  temperature 
range,  then  the  spin-fluctuation  resistivity  will  appear  to 
be  nearly  linear.  Conversely,  if  the  spin-fluctuation 
temperature  is  greater  than  the  highest  temperature  measured, 
then  the  spin-fluctuation  resistivity  will  vary  roughly 
as  T^. 

The  shape  of  the  Kaiser  and  Donlach  curve  shown  in 
Fig.  6 is  universal  in  the  following  sense.  Since  all  the 
parameters  pertaining  to  the  host  and  to  the  exchange- 
enhanced  impurity  are  included  in  the  scaling  factors,  the 
model  predicts  that  for  all  systems  the  contribution  to  the 
spin-fluctuation  resistivity  from  local  spin  fluctuations  can 
be  scaled  to  yield  the  curve  of  Fig.  6.  However,  this  will 
be  the  case  only  if  the  parameters  can  be  considered 
temperature  independent.  In  general,  one  expects  the  dynamic 
susceptibility  and  consequently  the  spectral  density  function 
to  be  largely  independent  of  the  temperature  for  temperatures 
which  are  orders  of  magnitude  below  the  d-band  degeneracy 
temperature.  If,  however,  the  local  enhancement  factor, 
a“{l-:AUx(0)  is  very  large  compared  to  vmity,  then  even  a 

small  change  in  x(0)  will  produce  a large  change  in  a.  Con- 
sequently the  spin-fluctuation  temperatxire  will  become  tem- 
perature dependent  and  the  resistivity  can  no  longer  be 
scaled  to  yield  the  universal  curve.  Furthermore,  since 
the  amount  of  the  deviation  depends  upon  the  local  enhance- 
ment factor,  the  resistivity  curves  for  different  materials 
can  no  longer  be  expected  to  scale  with  each  other.  Thus, 
the  deviations  of  the  spin-fluctuation  resistivity  from  the 
Kaiser  and  Doniach  universal  curve  are  expected  to  be  small 
over  the  range  of  temperatures  for  which  the  susceptibility 
of  the  host  is  nearly  temperature  Independent,  and  the  magni- 
tude of  these  deviations  from  the  universal  curve  is  expected 
to  be  a strong  function  of  the  local  enhancement  factor. 
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1.13  Other  Local  Enhancement  Models 

In  this  section  we  briefly  describe  other  models  which 
have  been  proposed  to  explain  the  temperature  dependence  of 
the  electrical  resistivity  which  results  when  the  conduction 
electrons  are  scattered  by  the  localized  spin-fluctuations. 

In  order  to  better  understand  some  of  the  concepts  which  go 
into  these  models,  it  will  be  of  value  to  review  in  a quali- 
tative manner  the  nature  of  a local  spin-fluctuation  and  its  | 

interaction  with  the  conduction  electrons. 

We  have  seen  in  previous  sections  that  the  spin-fluctua- 
tions are  characterized  by  their  spectral  density  functions.  j 

The  lifetime  (t)  of  the  spin  fluctuation  is  generally  taken  j 

to  be  the  reciprocal  of  the  width  of  the  spectral  density  i 

function  at  half  maximum,  and  the  characteristic  frequency  | 

(energy)  is  generally  taken  to  be  the  value  of  the  frequency  j 

at  which  the  peak  in  the  spectral  density  function  occurs.  | 

As  was  the  case  for  spin  fluctuations  in  a uniformly  enhanced  | 

system,  the  local  spin  fluctuations  have  a characteristic  ] 

energy  spread  which  is  of  the  same  order  of  magnitude  as  the  j 

characteristic  energy  itself  (see  Fig.  5),  that  is,  o)T«il  j 

(■ft-l)  and  consequently  the  lifetime  of  the  spin-fluctuation  ’ 

is  T«(kgTg)"^.  I 

This  intrinsic  or  characteristic  lifetime  (t)  of  the 
spin  fluctxiatlon  may  or  may  not  be  the  significant  lifetime 
in  the  experiment.  As  an  example  of  this,  let  us  consider 
the  case  of  measuring  the  static  sxisceptibllity  at  a locally 
enhanced  site.  Such  a susceptibility  can  be  found  by  apply- 
ing a magnetic  field  and  measuring  the  Increase  in  the  mag- 
netization of  the  locally  enhanced  system  over  that  of  the 
host  system  (as  described  in  Sect.  1.10).  In  order  to  sim- 
plify the  discussion  we  will  assume  the  measurement  takes 
place  over  periods  which  are  long  in  comparison  with  the 
spin-fluctuation  lifetime.  In  practice  this  will  be  the  case 

if  the  measurement  occurs  over  a time  ht  » 10  t“^  seconds. 

s 

This  leaves  two  lifetimes  which  are  of  Interest:  1)  the  life- 
time (kgT)“^  of  a thermal  fluctuation  of  the  system,  and 
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2)  the  lifetime  of  the  spin  fluctuation.  When  T«T  , the  i 

lifetime  of  a thermal  fluctuation  will  be  much  longer  than 

that  of  the  spin  fluctuation.  In  this  case  we  would  expect 

the  magnetic  properties  of  the  system  to  resemble  those  of 

the  locally  enhanced  system  described  in  Sect.  1.10.  However,  j 

once  the  temperature  becomes  much  greater  than  the  spin- 

fluctuation  temperature  (T»T  ) , the  lifetime  of  the  thermal 

S 

fluctuations  becomes  much  shorter  than  the  lifetime  of  the  j 

spin  fluctuation  and  there  is  a high  probability  that  the 
electron-hole  pair  of  the  spin  fluctuation  will  be  thermally  | 

scattered  before  the  spin  fluctuation  has  decayed.  Thus,  I 

for  temperatures  larger  than  T^,  one  would  expect  that  as  the  | 

temperature  Increases  the  temperature  dependence  of  the  | 

sys-tem  would  approach  that  of  a local-moment  system. 

Consider  next  the  case  of  a conduction  electron  scatter- 
ing from  a spin  fluctuation.  For  low  temperatures  (T«T  ) the 

S 

lifetime  of  the  conduction  electron  in  a given  state  is  much 
longer  than  the  lifetime  of  the  spin-fluctuation,  and  the 
conduction  electron  "sees”  a time  average  of  the  properties 
of  the  spin  fluctuation.  However,  at  high  temperature  (T>>T  ) 

S 

the  electron  no  longer  sees  the  complete  temporal  nature  of 
the  spin  fluctuation  before  it  is  thermally  scattered.  Thus, 
we  expect  the  electron  to  react  more  to  the  local-moment 
nature  of  the  spin  fluctuation  that  results  once  the  electron- 
hole  pair  of  the  spin-fluctuation  is  created.  Also,  on  the 
basis  of  this  intuitive  argximent  we  would  expect  the  scatter- 
ing of  the  conduction  electron  to  eventually  reach  the  spin- 
disorder  limit,  that  is,  the  maximum  spin-scattering  possible 
from  a single  local  moment. 

40  41  42 

A phe nomono logical  model  ’ * of  the  electrical 

resistivity  can  be  formed  in  which  the  above  mentioned  con- 
cepts are  taken  into  account.  In  this  model  one  assumes  the 
following:  1)  There  is  a single  conduction  band.  2)  The  local 
spin  fluctuation  takes  place  in  this  conduction  band  and  is 
screened  by  the  conduction  electrons. 3)  The  local  spin 
fluctuation  is  represented  by  an  effective  magnetic  moment 
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which  reflects  the  average  moment  the  conduction  electron 
"sees"  as  a result  of  the  spin  fluctuation.  Thus  as  the 
temperature  increases,  the  effective  moment  is  assumed  to 
increase  from  zero  at  T°*0  to  the  maximum  value  of  the  moment 
for  a electron-hole  pair . 4)  The  value  of  the  effective  moment 

is  found  from  susceptibility  data  by  using  the  Curie  law, 


^imp 


ng^S(S+l)M-g 

3k^ 


(1.174) 


where  S is  the  effective  spin  and  n is  the  number  of  locally 

enhanced  impurity  atoms  per  unit  volume. 

The  spln-f luctxiation  resistivity  is  calculated  by  using 
22 

the  Frledel  sum  rule  to  obtain  the  phase  shifts  for  the 
scattering  cross  section.  The  sum  rule  is  generally  written 
as 


z - # " 


(1.175) 


where  Z is  the  ninnber  of  conduction  electrons  associated  with 
an  impurity  site  minus  the  number  of  conduction  electrons 
associated  with  a host  site,  and  is  the  phase  shift  of  the 
i partial  wave  of  the  conduction  electron.  Since  the  sum 
rule  assumes  that  the  number  of  spln-up  electrons  equals  the 
number  of  spin-down  electrons,  we  must  modify  the  rule  in  the 
case  of  local  spin  fluctuations.  This  is  done  by  using  the 
rule  to  describe  each  spin  band  separately,  that  is. 


and 


Z,  - 

The  total  charge  difference  is  given  by 


and  the  effective  spin  on  the  impurity  site  is 


S - 


Zf-Z, 


(1.176) 

(1.177) 

(1.178) 

(1.179) 
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For  simplicity,  one  assumes  that  the  d-band  spin  fluctuation 
is  screened  entirely  by  the  -4-2  partial  wave.  Then  the  sxim 
rule  reduces  to 

and 

The  resistivity  that  results  from  the  scattering  is  in  this 

4 w 43 
case  given  by 

CP  Q O 

Pj  - -gS^fsin^  T?2f  + sin^  TJgi  ^ » (1.182) 

where  c is  the  Impurity  concentration  and  p^  is  the  maximum 
possible  resistivity  per  atomic  percent.  After  solving  for 
the  phase  shifts  in  terms  of  Z and  S and  reducing  the  equa- 
tion to  factors  in  Z and  S,  we  have  the  final  result: 


Pj  - cPj^sin^  (-^Z)  + cPjjjCos(^Z)sin^(^) 


(1.183) 


There  are  two  features  to  note  from  the  model.  . First, 
since  the  effective  spin  of  the  fluctuation  is  zero  at  T-0 
and  since  the  net  charge  at  the  impurity  site  is  Independent 
of  the  excitation  level  of  the  spin  fluctuation,  the  first 
term  is  the  temperature  Independent  residual  resistivity.  For 
an  isoelectronlc  impurity  (Z-0) , the  residual  resistivity  is 
zero.  The  residual  resistivity  is  a maximxim  for  impurities 
where  the  charge  difference  corresponds  to  Z-5.  Second,  the 
temperature  dependence  is  the  result  of  the  spin  fluctuations 
changing  the  effective  spin  at  the  impurity  site  and  is  given 
by  the  second  term.  The  temperature  dependence  of  the  resis- 
tivity will  be  positive  for  |z|<^  and  negative  for  lz| 

Experimental  tests  of  the  model  have  been  carried  out  for 
some  alloy  systems.  The  model  is  fitted  to  the  resistivity 

data  after  the  Curie  law  (Eq.  1.174)  has  been  used  to  obtain 

42 

the  effective  spin  from  susceptibility  data.  Soule tie  found 

good  agreement  between  the  model  and  experiment  in  dilute 

41 

alloy  systems  with  a Cu  or  Au  host,  Nagasawa  found  good 
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agreement  for  dilute  Fe  or  Mn  in  Rh,  and  Loram  et  al.  were 

able  to  account  qualitatively  for  the  temperature  dependent 

resistivity  in  Pt  and  Pd  hosts  using  the  model. 

Another  model  for  the  electrical  resistivity  of  locally 

exchange-enhanced  systems  is  the  single  band  model  developed 

44  45 

by  Rivier  and  Zlatic  and  extended  by  Fischer  . In  the 
Rlvler  and  Zlatic  calculation,  as  in  the  Lederer-Mills  and 
Kaiser-Ooniach  model,  potential  scattering  from  the  locally 
enhanced  impurities  was  neglected  and  therefore  their  calcu- 
lation is  expected  to  apply  only  to  impurities  which  are 
nearly  isoelectronic  (Z~0)  with  the  host.  Fischer  has  extended 
the  calculation  by  including  the  potential  scattering  from  the 
impurity  and  by  allowing  for  an  exchange-enhanced  host 

(Ut^O)  . 

Although  in  both  this  model  and  the  Lederer-Mills  and 
Kalser-Donlach  model  the  system  is  described  by  the  Hubbard 
and  Wolff  Hamiltonians  (see  £q.  1.113), 

K - + 3<^  , (1.184) 

where 

(1.185) 


^ a"! . 


-a  • 


(1.186) 


the  philosophy  in  calculating  the  resistivity  is  quite  differ- 
ent. In  the  two-band  model  of  Lederer-Mills  and  of  Kalser- 
Doniach,  one  uses  the  first  Born  approximation  to  calculate 
the  resistivity  that  results  from  s-band  conduction  electrons 
scattering  (via  the  s-d  exchange  interaction)  from  spin-fluc- 
tuations in  the  d band.  In  the  single-band  model  of  Rivier- 
Zlatlc  and  of  Fischer,  one  assiimes  that  the  spin-fluctuation 
resistivity  is  the  result  of  conduction  electrons  scattering 
(via  the  intra-atomic  Coulomb  Interaction)  from  spin  fluctu- 
ations within  the  conduction  band.  One  finds  the  spin- 
fluctuation  resistivity  by  using  many-body  perturbation 
techniques  to  calculate  the  relaxation  time  for  a conduction 
electron  scattering  from  the  local  spin  fluctuation. 
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The  calculation  can  be  outlined  In  terms  ' £ Feynman  dia- 
grams. An  example  of  the  type  of  scattering  considered  Is 
given  by  the  diagram  In  Fig.  7a.  Here  a conduction  elec- 
tron Is  scattered  via  the  Intra-atomic  Coulomb  Interaction, 
AU,  creating  an  electron-hole  pair  where  both  the  electron  and 
hole  have  spin  states  opposite  to  that  of  the  conduction 
electron.  At  later  times  the  conduction  electron  and  the 
newly  created  hole  Interact  via  the  Intra-atomic  Coulomb 
Interaction.  The  electron-hole  pair  Is  annihilated  and  the 
conduction  electron  Is  again  scattered.  Each  line  ( » ) 
represents  a single  particle  Green's  function  of  the  unper- 
turbed system,  which  In  this  case  Is  the  exchange-enhanced 
host.  The  dashed  line  represents  the  local  Interaction  fac- 
tor, iSi/2.  The  single  particle  Green's  function  for  the  per- 
turbed system  ( ) Is  given  by  the  Dyson  equation  which  Is 

represented  dlagrammatlcally  In  Fig.  7b.  The  shaded  circle 
Is  the  sum  of  all  possible  diagrams  which  can  be  connected  to 


an  Incoming  and  an  outgoing  electron  line  but  can  not  be  separ- 
ated Into  two  pieces  by  cutting  only  one  particle  line.  This 
sum  Is  the  "proper"  self-energy.  In  the  Rlvler-Zlatlc  model 
one  calculates  the  self-energy  by  using  the  "ladder"  approxi- 
mation (represented  dlagramatlcally  at  the  bottom  of  Fig.  7b). 


Once  the  self  energy  Is  found  It  Is  relatively  straightforward 
44  45 

to  calculate  ’ the  relaxation  time,  t(u)).  The  spln-fluctu- 

44.  4S  4A 

ation  resistivity  is  then  obtained  from  the  relation  ' 


(1.187) 


where  Is  a constant  which  Is  to  be  chosen  so  as  to  give  the 
unitary  limit  at  T-*®. 

After  replacing  the  Fermi  window  (“^^;^)  In  the  above 
equation  by  the  delta  function,  Rlvler  and  Zlatlc  finally 


obtain  the  spin-fluctuation  resistivity. 


~ cp^[l  • U + rrT  + r'^]  , (1.188) 

where  0(x)  Is  the  dlgamma  function,  TsT/T  (as  in  the  Kaiser 

s 
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and  Ooniach  formula),  and  cp  is  the  unitary  limit.  As  in 

s 


the  Kaiser  and  Doniach  case,  the  Rivier  and  Zlatic  calcula- 
tion yields  a universal  curve.  This  curve  is  shown  in 
Fig.  8,  where  the  scaled  resistivity  is  shown  as  a function 


of  the  scaled  temperature.  At  temperature  Ts^O.lT  the 

2 ® 
resistivity  follows  a T behavior, 


’ 


T < 0 . 1 . 

s 


(1.189) 


At  T-O. 14  T there  is  an  inflection  point  and  consequently  a 
s 


linear  region  around  this  point.  Just  above  there  is  a 


logarithmic  region  and  beyond  that  the  curve  approaches  the 


unitary  limit.  This  is  to  be  contrasted  with  the  Kaiser  and 

2 

Doniach  universal  curve  which  is  T below  ~0.1T  , but  does 


not  become  linear  until  T>T_  (see  Sect.  1.12). 

s 


In  the  Rivier  and  Zlatic  model  several  approximations 
have  been  made  which  quantitatively  affect  the  results.  For 
example,  the  delta  function  approximation  for  the  Fermi  win- 
dow results  in  an  error  which  affects  the  temperature  behavior 


of  the  universal  curve  at  low  temperatures.  If  this  approx- 

44  2 

Imatlon  is  not  made,  one  finds  that  the  T term  is  50% 


larger  and  the  linear  region  moves  to  a lower  temperature 

(the  imltary  limit  does  not  change,  of  course). 

4'^ 
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Fischer  has  calculated  the  transport  properties  of  an 
exchange-enhanced  system  using  a model  similar  to  that  of 
Rivier  and  Zlatic.  In  this  model  he  allowed  for  the  changes 


that  occur  in  the  electron  hopping  term  T^j  and  the  potential 


term  V as  a result  of  the  introduction  of  the  impurity 

(i.e.,  and  T-  ./T.  .,  where  I refers  to  the  impurity 

^ fj  ^ f 3 


site  with  the  impurity  present  and  i refers  to  the  impurity 

site  with  the  impurity  replaced  by  the  host  atom) . He  finds 

that  the  universality  of  the  spin-fluctuation  resistivity  is 

lost;  that  is,  scaling  Pj  by  cp  and  T by  T no  longer  re- 

X s s 

suits  in  a single  curve,  but  a family  of  curves  which  depend 


upon  the  values  of  T , AV  and  the  change  in  the  hopping  term. 

S 


When  fitting  our  1-300 K resistivity  data,  we  shall  qualita- 
tively Include  the  results  of  these  extensions  of  the  model. 
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Fig.  7. 

A diagrammatic  representation  of  scattering 
processes  considered  in  the  Rivier-Zlatic  model  is 
shown.  In  (a)  an  example  is  given  of  the  type  of 
scattering  that  occurs  at  the  locally  enhanced 
impurity  center  as  a result  of  the  increase  in  the 
intra-atomic  Coulomb  interaction.  In  (b)  the  Dyson 
equation  is  represented  diagrammatically  in  the 
ladder  approximation. 
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s i ngle-band  ^ 
' electron 


where 


and 


local  intra-atomic 
Coulomb  interaction 


Fig.  8. 

The  Rivier-Zlatic  universal  curve  for  the  resistiv- 
ity from  local  spin  fluctuations,  where  Pj  is  the 
spin-fluctuation  resistivity  from  the  locally 
enhanced  impurities,  c is  the  concentration  of  the 

impurities,  and  p , T are  the  scaling  parameters. 

s s 

The  dashed  curves  show  the  low  and  high  temperature 
limits . 
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Fig.  9. 

~2 

A comparison  of  Pj=1.7  cp^  in(T  +1)  with  the  Kaiser 
Doniach  and  Rivier-Zlatic  universal  curves  is 
shown. 
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This  is  done  by  parameterizing  the  Rivier-Zlatic  universal 
curve,  and  the  discussion  of  this  procedure  will  be  left 
until  later. 


In  concluding  this  section,  we  present  a function  that 

47 

was  originally  derived  for  the  resistivity  of  a local 

40 

moment  system,  but  has  been  used  successfully  to  describe 
the  resistivity  data  of  materials  which  are  thought  to  be 
locally  exchange-enhanced  systems.  This  formula  can  be  writ- 
ten in  the  form 


P(T) 


Po  + cp. 


(1.190) 


where  P-,p',Q  are  the  fitting  parameters  and  c is  the  impxiri- 
o s 

ty  concentration.  Since  p(0)*?p^,  the  total  temperature 
dependence  of  the  impurity  resistivity  is  given  by 

— y a T^  . t -m 


(1.191) 


In  Fig.  9,  pj  is  compared  with  the  Kaiser-Doniach  and 
Rivier-Zlatic  universal  curves  by  letting  9=T  and  normaliz- 

S 

ing  Pj  with  the  Kaiser-Doniach  curve  at  T-T^. 

The  function  has  qualitative  features  which  are  inter- 
mediate between  the  universal  curve  of  Kaiser  and  Doniach 
and  of  Rivier  and  Zlatic.  At  low  temperature  the  function  has 
the  characteristic  T^  behavior.  It  has  an  inflection  point 
at  T‘>9  and  thus  a linear  region  around  this  point.  At  tem- 
peratures high  compared  to  6 the  function  becomes  logarithmic, 
but  does  not  reduce  to  the  unitary  limit  as  in  the  Rivier  and 
Zlatic  model  when  T-»“.  It  is  these  qualltlve  features  and 
the  ease  of  fitting  such  a function  to  the  data  that  makes 
this  function  useful  in  describing  the  spin-fluctuation 
resistivity  of  locally  exchange-enhanced  systems  even  though 
it  lacks  a theoretical  backing  for  the  non-Kondo  alloys. 

Lastly,  we  point  'out  that  the  spin-fluctuation  models  we 
have  reviewed  are  just  the  first  in  a series  of  models  that 
may  be  developed  to  explain  the  spin-fluctuation  resistivity. 
The  present  situation  is  somewhat  analogous  to  having  the 
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Bloch-Grxineisen  model  to  explain  the  electrical  resistivity  j 

that  results  when  the  electrons  are  scattered  from  thermal  i 

1 

vibrations  of  the  lattice.  In  both  cases  one  neglects  i 

details  of  the  band  structure  by  assuming  spherically  symmet- 
rici  parabolic  bands  (i.e.,  the  electrons  are  assumed  to  be 
free  but  to  have  an  effective  mass  different  from  the  free 
electron  mass),  and  the  crystal  momentum  is  assumed  to  be 
conserved  (Umklapp  processes  are  neglected) . In  the  case  of 
the  lattice  vibrations  (phonons) , the  energy  distribution  is 
given  by  the  Debye  spectrum.  In  the  case  of  the  spin-fluctu- 
ations (paramagnons) , the  energy  distribution  is  given  by  the 
spectral  density  functions  of  the  previous  sections.  The 
distribution  functions  are  generally  assumed  to  be  temperature 
Independent,  and  the  interaction  of  the  electrons  with  the 

phonons  or  paramagnons  is  assiimed  to  be  independent  of  other  i 

scattering  processes.  Even  though  many  simplifications  were 
made,  the  spin-fluctuation  models  have  Increased  our  under- 
standing of  the  spin-fluctuation  resistivity,  somewhat  in  the 


same  manner  that  the  Bloch-Griineisen  model  increased  our 
understanding  of  the  resistance  in  metal  due  to  electrons 
scattering  from  thermal  vibrations  of  the  lattice. 


i 

I 

) 
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CHAPTER  II 

EXPERIMENTAL  PROCEDURES 

A.  Sample  Preparation 

The  experimental  procedure  consisted  basically  of  fabri- 
cating three  sets  of  lOO-x^^x  samples  and 

measuring  the  magnetization  and  resistivity  of  each  of  these 
samples.  The  first  set  consisted  of  a single  (PdggRhg) ggNi^^ 
resistivity  sample  which  was  measured  in  order  to  deteimiine 
the  overall  feasibility  of  successfully  completing  the  goals 
of  the  project.  Since  the  preliminary  results  were  promis- 
ing, a second  set  consisting  of  four  resistivity  and  foxir 
magnetization  samples  was  fabricated  and  measured.  The  third 
and  final  set  consisted  of  seven  resistivity  and  five  magnet- 
ization samples  which  were  prepared  in  order  to  extend  and  to 
clarify  the  experimental  results  of  measurements  on  the  pre- 
vious two  sets. 

2.1  Fabrication  and  Characterization 

The  details  of  sample  fabrication  are  given  in  the 
following  discussion  and  apply  to  all  three  sample  sets 
unless  otherwise  noted.  The  fabrication  of  each  set  began  by 
melting  a single  master  alloy  from  which  the  other  members  of 
the  set  were  derived.  The  starting  materials  for  the  master 
alloys  were  5-9 's  Pd  powder,  4-9 's  Rh  powder  and,  in  the  case 
of  the  master  alloy  for  the  first  set,  5-9 's  Ni  rod.  The 
starting  materials  were  weighed,  mixed,  and  placed  in  a 
quartz  crucible.  The  mixtiire  was  then  slowly  degassed  and 
sintered  by  induction  heating  in  a vacuvim  which  was  kept  be- 
low ~1  millitorr  by  controlling  the  heating.  This  procedure 
continued  until  a sintered  compact  was  formed.  The  compact 
was  then  melted  in  a gas-cooled  quartz  crucible  filled  with 


argon.  For  the  first  two  sets,  each  melted  compact  (weighing 
~10 g each)  was  removed,  turned  upside  down, and  remelted. 

This  procedure  was  then  repeated.  For  the  last  set,  there 
were  several  melted  compacts  of  the  same  composition  and 
these  were  arc  melted  together  in  a water-cooled 
copper  crucible.  The  resulting  ingot  (weighing  147  g ) was 
turned  over,  melted, and  the  procedure  repeated  several  times. 
This  large  amount  of  master  alloy  served  two  functions. 

First,  it  provided  enough  material  for  future  work,  and, 
second,  it  greatly  Improved  the  accuracy  to  which  the  sample 
composition  was  known. 

Once  the  master  alloys  had  been  made,  ingots  were  pre- 
pared with  the  desired  sample  compositions.  For  the  first 
set,  which  consisted  of  Just  the  one  composition,  the  ingot 
was  a portion  of  the  master  alloy.  For  the  second  set,  ap- 
propriate amounts  of  the  Pd^^Rh^  master  alloy  and  of  the 
(PdggRhg)ggNlj^  nuister  alloy  of  the  first  set  were  induction 
melted  to  form  Ingots  (~2  g each)  with  the  desired  and 

I at%  Ni  compositions.  For  the  third  set,  the  PdggRhg  mas- 
ter alloy  of  this  set  was  divided  roughly  in  half.  One  of 
the  halves  was  arc  melted  with  the  appropriate  amount  of  Ni 
to  form  a (PdggRhg) g^Ni^  secondary  master  alloy.  Then  the 
appropriate  amounts  of  material  from  each  of  these  two  mas- 
ter alloys  were  combined  and  arc  melted  to  form  ingots 
(~4  g each)  with  Ni  concentrations  of  0. 1,0.2,  1.5,  2.0,  and 
2.5  at%.  Portions  (~4  g each)  of  the  master  alloy  and  of  the 
3%  Ni  secondary  master  alloy  complete  the  Ingots  of  this 
final  set. 

All  samples  were  made  from  the  above  Ingots  using  the 
procedures  to  be  described  below.  The  procedures  used  in 
fabricating  the  single  sample  of  the  first  set  differ 
slightly  from  those  used  for  the  rest  of  the  samples.  These 
differences  will  be  described  later.  The  ingots  (roughly 
cylindrical  in  shape)  were  first  reduced  in  diameter  by  swag- 
ing. Once  the  diameter  had  been  reduced  by  20  to  25%  the  in- 
got was  cleaned  and  given  a strain  relieving  anneal  by  heating 
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the  ingot  in  vacuiuu  (~10  torr)  to  «»1000  C for  a few  seconds 
with  an  induction  heater.  This  procedure  was  repeated  until 
the  ingots  reached  diameters  of  ~3.7mm  and  ~5. 5 mm  for  the 
second  and  the  third  sample  sets,  respectively.  The  ingots 
were  then  cleaned,  etched  and  annealed  for  20 h at  1200°C  in 
a sealed  quartz  tube  which  was  filled  with  argon  to  a pres- 
sure of  1/3  bar.  The  purpose  of  the  anneal  was  to  remove 
any  nonequilibrium  microstructure  that  may  have  formed  during 
the  melt.  After  the  1200°C  anneal  the  Ingots  were  cooled 
to  ~800°C  at  a rate  of  ~200°C/h  and  water  quenched  to  room 
temperature.  The  magnetization  samples  were  machined  direct- 
ly from  these  Ingots  by  spark  erosion  to  form  spheres  ~3.0mm 
in  diameter,  weighing  ~0.17g,  and  spheres  ~4. 6 mm  in  diameter, 
weighing  ~0.61g  , in  the  case  of  the  second  and  third  sample 
sets  respectively.  The  material  that  remained  was  then  fab- 
ricated into  wire  samples.  The  above  swaging  procedure  was 
continued  until  a diameter  of  ~0. 7 mm  was  reached.  Then,  in- 
stead of  further  swaging  to  reduce  the  diameter,  we  pulled 
the  wires  through  drawing  dies  until  the  final  sample  diame- 
ter of  ~0.51mm  was  reached.  A small  section  was  taken  from 
each  wire  and  further  reduced  to  a diameter  of  ~0.25mm  . 

These  finer  wires  were  spot  welded  onto  the  corresponding 
sample  wires  to  form  the  potential  leads.  The  samples  were 
then  given  a final  strain  relieving  anneal  for  1 h @ 800° C 
and  water  quenched  to  room  temperature. 

The  single  (PdggRhg) ggNij^  sample  of  the  first  set  was 
made  in  a manner  similar  to  the  above  samples  with  the  fol- 
lowing exceptions:  1)  No  spherical  magnetization  sample  was 
made.  2)  The  final  wire  sample  was  0.42  mm  in  diameter. 

3)  The  final  sample  anneal  was  1200°C  for  20 h and  the  1200°C 
anneal  midway  in  the  procedure  was  not  performed. 

All  of  the  resistivity  samples  were  roughly  20  cm  in 
lenqth.  Examples  of  a magnetization  sample  and  a resistivity 
sample  are  shown  in  Fig.  10. 

A number  of  factors  were  considered  in  choosing  the  shape 
and  size  of  the  samples.  In  the  case  of  the  magnetization 
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samples , a spherical  geometry  was  chosen  because  of  the  ease 
with  which  such  a geometry  allows  for  the  correction  of  the 
demagnetizing  field.  The  size  of  the  sample  was  dictated  by 
either  the  amount  of  material'  available  or  the  maximum 
diameter  the  magnetometer  would  accommodate.  In  the  case  of 
the  resistivity  samples,  there  were  several  factors  to 
consider  in  choosing  the  length  and  diameter  of  samples.  The 
important  parameter  in  this  choice  is  the  fora  factor  (A/i) , 
where  A is  the  cross  sectional  area  of  the  wire  sample,  and 
i is  the  distance  between  the  potential  probes.  Since  the 
resistivity  is 

p - (7)  -R  , (2.1) 

where  R is  the  resistance  between  the  potential  probes,  the 
uncertainty  in  the  resistivity  depends  on  the  uncertainty  in 
the  form  factor.  In  fact,  because  of  the  high  accuracy  to 
which  the  resistance  is  measured,  the  fractional  uncertainty 
in  the  resistivity  is  for  all  practical  purposes  equal  to  the 
fractional  uncertainty  in  the  form  factor*.  Thxis,  we  would 
want  to  choose  a sample  geometry  in  which  the  form  factor 
could  be  easily  and  accurately  measured.  Another  considera- 
tion is  that  we  would  like  a sample  geometry  which  produces  a 
minimum  amount  of  Joule  heating  for  a given  voltage  (V) 
between  the  probes.  This  is  desirable  in  order  to  minimize 
the  error  that  occurs  in  the  measurement  of  the  sample 
temperature  as  a result  of  the  self  heating.  It  is  also 
desirable,  for  reasons  which  will  become  clear  when  we  discuss 
the  method  used  for  measuring  the  sample  resistance,  to  have 
samples  whose  resistances  are  approximately  equal  to  that  of 
the  standard  resistor  used  in  measuring  the  samp''e  current. 
Finally,  there  is  the  consideration  that  as  the  wire  becomes 
longer  and  finer  the  fabrication  becomes  more  difficult. 

The  above  factors  are,  of  course,  not  all  Independent, 

For  example,  we  can  see  from  the  relation  between  the  Joule 
2 

heating  (V  /R)  and  the  form  factor, 

V^/R  = (v2/p).(A/i)  , (2.2) 
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Fig.  10. 

Examples  of  a resistivity  sample  (the  wire)  and 
a magnetization  sample  (the  sphere)  used  in  the 
experimental  work. 


that  we  would  like  the  form  factor  to  be  as  small  as  possible 
in  order  to  minimize  the  Joule  heating  while  maintaining  a 
constant  voltage.  However,  the  more  we  reduce  the  diameter 
of  the  wire  the  more  difficult  it  becomes  to  directly  measure 
the  average  diameter,  and  the  accuracy  of  the  form  factor 
decreases . 

This  conflict  between  improved  form-factor  accuracy  and 
reduced  Joule  heating  can  be  greatly  alleviated  by  measuring 
the  cross  sectional  area  in  an  indirect  manner.  The  proce- 
dure we  used  was  to  calculate  the  average  cross  section  from 
the  measured  values  for  the  length,  weight,  and  density  of  the 
wire  samples.  The  measured  values  of  the  densities  of  the 
sample  ingots  after  the  1200° C anneal  are  shown  in  Fig.  11 
as  a function  of  the  N1  concentration.  The  straight  line 
through  the  data  points  is  the  density  we  calculated  for  this 
alloy  system  using  X-ray  lattice-parameter  data  obtained  from 
measurements  of  the  Pd-Rh  system^®  and  the  Pd-Ni  systemf® 
Using  the  density  from  the  graph,  the  total  length  of  the 
wire  sample,  and  the  weight  of  the  wire  sample  before  attach- 
ing the  potential  probes,  we  calculate  the  average  cross  sec- 
tion of  the  wire.  In  this  manner  we  are  able  to  determine 
the  form  factor  to  an  estimated  accuracy  of  ^%.  This  accura- 
cy is  much  greater  than  that  which  would  normally  be  obtained 
for  wires  of  this  size  by  measuring  the  diameter  directly. 

Another  parameter  which  is  necessary  to  characterize  the 
samples  is  the  sample  composition.  In  a study  such  as  this, 
where  we  are  mainly  interested  in  the  contribution  of  the  Ni 
to  the  spin-fluctuation  properties  of  the  system,  it  is  the 
Ni  concentration  that  will  be  the  most  important.  The  best 
way  to  control  the  Ni  concentration  to  a high  accuracy  in  an 
alloy  with  a fixed  Rh  to  Pd  ratio  is  to  use  the  procedure  we 
used  in  making  the  third  sample  set.  Here  the  master  alloy 
(the  host)  was  large  enough  so  that  the  error  in  weighing  was 
negligible  compared  to  the  total  weight  loss  of  % that  oc- 
curred as  a result  of  the  numerous  meltings.  Since  it  is 
reasonable  to  assume  that  the  material  lost  had  a composition 


roughly  that  of  the  final  alloy  (say  to  within  20%) , we 

estimate  that  the  5 at%  Rh  concentration  in  the  host  is 

accurate  to  better  than  ±0.05  at%.  In  adding  the  Ni  to  the 

host  material  to  make  the  3%  Ni  alloy  we  recorded  a loss  of 

only  0.004%.  However,  this  may  be  somewhat  misleading  since 

there  may  have  been  a small  amount  of  host  material  picked  up  ^ 

as  a result  of  melting  in  the  same  crucible  that  had  been 

used  for  the  host.  In  any  case  we  would  estimate  that  the  Ni  i 

,i 

concentration  for  this  alloy  is  accurate  to  better  than 
0.01at%Ni.  The  amount  of  material  lost  (~0.1%)  while  making 
the  alloys  of  this  set  Indicates  that  the  relative  accuracy 
of  the  compositions  of  the  members  of  each  set  will  be  much 
better  than  the  absolute  accuracy  (stated  above) . 

The  composition  of  the  earlier  alloy  sets  was  not  as 
well  controlled  as  for  the  set  just  described.  Since  the  two 
master  alloys  from  which  these  samples  are  derived  were  made 
independently  of  each  other,  the  Rh  to  Pd  ratios  were  unavoid- 
ably somewhat  different.  This  problem  was  further  compounded 
’ by  an  algebraic  error  which  resulted  in  a master  alloy  with  a 
concentration  of  5.2at%Rh  instead  of  the  5.0  at%  that  was 
Intended.  This  error  was  not  discovered  until  after  samples 
in  the  second  set  had  been  fabricated  and  their  spin- 
fluctuation  properties  measured.  Because  of  the  error,  we 
considered  fabricating  and  measuring  a new  set  of  samples 
with  the  same  Ni  concentration  as  in  the  first  two  sets,  but 
based  on  the  master  alloy  of  the  third  set.  However,  the 
consistency  between  the  spin  fluctuation  results  obtained 
from  the  three  different  sets  convinced  tis  that  these  results 
were  largely  Independent  of  the  small  variation  in  the  Pd  to 
Rh  ratio  and  therefore  a new  alloy  set  was  not  necessary. 

The  compositions  of  all  the  alloys  are  given  in  table  1. 

The  high  degree  of  consistency  between  members  of  the 
same  set  is  reflected  in  the  residual  resistivities  of  the 
samples.  In  Fig.  12  we  show  the  residual  resistivity  of  the 
samples  as  a function  of  Ni  concentration.  The  error  bars 
shown  represent  the  estimated  form  factor  error  of  The 
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Fig.  11. 

Densities  of  the  ingots  are 

shown  as  a function  of  the  Ni  concentration.  The 

i 

straight  line  through  the  data  is  the  predicted 
density  based  on  X-ray  data. 
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ITY  (g/cc) 


Sample  compositions  of  the  alloys  used  in  this 
report.  The  compositions  of  the  samples  were 
determined  on  the  basis  of  the  weight  of  the 
material  added,  and  the  errors  in  the  Rh  and  Ni 
cqncentrations  were  determined  on  the  basis  of  the 
total  weight  lost  in  the  various  melts.  The 
errors  indicate  the  absolute  accuracy  and  do  not 
reflect  the  much  better  relative  accuracy  of  the 
compositions  of  the  members  of  the  same  set. 


TABLE  1:  100-x^^x  SAMPLE  COMPOSITIONS  (at%) 


Set  No. 

y 

X 

1 

5.00  ± 0.1 

1.00  ± 0.04 

5.05  ± 0.1 

0.75  ± 0.03 

2 

5.10  ± 0.1 

0.50  ± 0.02 

5.15  ± 0.1 

5.20  ± 0.1 

0.25  ± 0.01 

0 

5.00  ± 0.05 

3.00  ± 0.010 

5.00  ± 0.05 

2.50  ± 0.008 

5.00  ± 0.05 

2.00  ± 0.007 

3 

5.00  ± 0.05 

1.50  ± 0.005 

I 

5.00  ± 0.05 

0.20  ± 0.003 

5.00  ± 0.05 

5.00  ± 0.05 

0.10  ± 0.003 

0 

; 

I 

i 

I 


Fig.  12. 


The  residual  resistivities  of  the  samples  are 
shown  as  a function  of  the  Ni  concentration.  The 
straight  lines  show  the  concentration  dependence 
for  the  two  alloy  sets. 


94 


straight  line  with  the  positive  slope  shows  the  Increase  in 
the  residual  resistivity  of  the  third  set  as  a function  of  Ni 
concentration.  The  other  straight  line  shows  the  decrease  in 
the  residual  resistivity  of  the  second  set  as  a function  of 
Ni  concentration.  (The  residual  resistivity  decreases  in  this 
case  because  the  reduction  in  potential  scattering  from  the 
small  decrease  in  the  niunber  of  Rh  atoms  is  not  compensated  by 
the  increase  in  potential  scattering  from  the  addition  of 
Ni  atoms.)  One  can  also  infer  from  the  residual  resistivity 
data  that  the  master  alloys  were  fairly  homogeneous,  for  if 
the  Rh  concentration  had  varied  randomly  by  more  than  0.025  at% 
between  the  sections  used  to  make  the  samples,  then  there 
would  have  been  a significant  reduction  in  the  correlation 
between  the  residual  resistivity  and  the  nominal  composition. 

We  end  this  section  with  a discussion  of  the  purity  sam- 
ples. Spectrographlc  analysis  showed  the  major  Impurities  to 
be  Si(~10-30  ppm) , Fe  (~2-10  ppm) , and  in  the  case  of  the  third 
sample  sel,  Cu(~80-150  ppm) . Other  impurities  were  either 
not  detected  or  were  much  less  than  10  ppm.  Exce;  t for  the 
Cu  mentioned  above,  no  significant  difference  in  impurity 
level  was  found  between  the  various  samples . 


B.  Resistivity  Measurements 


2.2  Sample  Chamber  and  Cryostat 

The  procedure  for  measuring  the  resistivity  of  the  sam- 
ples as  a function  of  temperature  starts  with  the  mounting  of 
the  samples  (usually  a Ni-free  sample  along  with  one  or  more 
samples  from  the  same  set)  in  the  sample  chamber.  The  cham- 
ber (Fig.  13),  which  has  the  capability  of  holding  up  to  5 
samples,  consists  of  three  main  parts:  1)  the  sample  mounting 
tube  which  is  a copper  tube  (~3cmO.D.)  that  has  been  coated 
with  an  electrically  insulating  layer  of  highly  thermally- 
conducting  epoxy  (Stycast;  mfd.  by  Emerson  & Cuming,  Inc.), 

2)  the  top  plate,  with  individual  copper  heat-sink  posts 
which  have  been  epoxyed  into  the  top  plate  and  remain  elec- 
trically Insulated  from  the  plate,  and  3)  the  sample  chamber 
cover,  which  screws  onto  the  top  plate.  Twenty  wires  (ther- 
mocouple grade  copper  ~^mmin  diameter)  from  the  measuring 
equipment  pass  through  small  holes  in  the  top  plate,  where 
each  wire  is  wrapped  around  and  soldered  to  an  individual 
heat-sink  post.  The  wires  then  continue  unbroken  either  to 
a sample  or  to  a temperature  sensor  (Ge  or  Pt  resistance 
thermometer).  Those  wires  which  continue  to  the  temperature 
sensors  are  wrapped  around  a second  heat-sink  post  at  the 
bottom  of  the  sample  mounting  tube. 

The  samples  and  temperature  sensors  are  secured  to  the 
surface  of  the  tube  with  teflon  tape.  The  samples  are  wired 
in  series,  and  all  leads  are  soldered.  After  the  cover  is 
attached,  the  sample  chamber  is  lowered  into  a Janus  ”Vari- 
Temp"  dewar  forming  the  cryostat  which  is  Illustrated  in 
Fig.  14. 

The  cryostat  makes  it  possible  to  maintain  a controlled 
temperature  environment  for  the  samples  at  temperatures  rang- 
ing from  1.3Kto  room  temperature.  Two  different  methods  are 
used  to  control  the  temperature.  The  first  method  is  to  flood 
the  sample  chamber  with  liquid  He  and  to  control  the  vapor 
pressure  of  the  liquid.  This  method,  while  useful  only  for 


97 


I 


Fig.  13.  ^ 

Sample  chamber  used  in  resistivity  measiirements . 
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temperatiires  below  4.2  K,  has  the  advantage  of  being  able  to 
handle  a larger  heat  load  from  the  samples.  In  the  second 


method  a small  amount  of  liquid  He  is  allowed  to  flow  through 
the  capillary  tube  into  the  bottom  of  the  central  dewar  cham- 
ber where  a heater  is  used  to  vaporize  the  liquid  and  heat 
the  gas  to  a temperature  slightly  below  the  desired  sample 
temperature.  Copper  "wool"  at  the  bottom  of  this  chamber 
helps  to  maintain  the  gas  at  uniform  temperature.  The  gas  is 
then  pumped  through  the  central  dewar  chamber  and  past  the 
sample  chamber  with  a mechanical  vacuum  p\imp.  As  the  gas 
flows  through  the  holes  in  the  sample  chamber  cover,  the  gas 
and  sample  chamber  are  heated  to  the  desired  temperature. 

The  sample  chamber  beater  consists  of  a 100  flconstantan 
wire  which  has  been  wound  nonlnductively  and  epoxyed  onto  the 
bottom  section  of  the  sample  chamber  cover.  Embedded  in  the  sam- 
ple chamber  cover  under  the  heater  are  a carbon  resistor  (Allen 
Bradley,  Jw,  64  0)  and  a platinum  resistance  thermometer 
(Rosemount  Engineering  Co. , Cat . #146MA200F) . The  carbon  sen- 
sor is  used  for  controlling  the  temperature  of  the  sample 
chamber  when  the  temperature  is  below  25  K and  the  platinxim  sensor 
is  used  when  the  temperature  is  above  25  K.  The  temperature  of 
the  sample  chamber  is  controlled  by  the  temperature  control- 
ler, which  supplies  power  to  the  heater  in  accordance  with 
the  sensor  temperature  and  the  controller  set  point. 

2.3  Tempera tvire  Controller 

The  basic  operation  of  the  temperature  controller  is  as 
follows:  The  temperature  of  the  sample  chamber  is  determined 
from  the  resistance  of  the  platinum  or  carbon  resistance 
thermometer.  A constant  current  is  supplied  to  the  tempera- 
ture sensor  and  a reference  voltage  is  set  at  the  voltage  the 
sensor  will  have  when  the  desired  temperature  is  reached. 

The  difference  voltage  between  the  sensor  and  the  reference 
voltage  is  amplified.  If  the  polarity  of  the  difference 
voltage  indicates  that  the  temperature  of  the  sample  chamber 
is  lower  than  the  set  point,  then  the  amplified  difference 
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voltage  is  applied  to  the  sample  chamber  heater.  The  power 
developed  in  the  heater  then  heats  the  sensor,  thus  lowering 
both  the  difference  voltage  and  the  power  supplied  to  the 
heater.  A steady  state  condition  is  reached  as  the  power 
from  the  heater  balances  the  heat  loss.  At  this  point  the 
deviation  of  the  sample  chamber  temperature  from  the  set 
point  temperature  is  a function  of  the  sensitivity  of  the 
sensor  and  the  gain  of  the  controller.  If  the  sensitivity 
and  gain  are  high  enough  then  large  changes  in  the  heat  load 
will  cause  only  small  changes  in  the  temperature  of  the  sam- 
ple chamber.  These  changes  are  further  reduced  by  turning  on 
an  integrating  circuit.  This  circuit  integrates  as  a func- 
tion of  time  an  adjustable  fraction  of  the  amplified  differ- 
ence voltage.  The  integrated  voltage  is  added  to  the 
amplified  difference  voltage  and  the  sum  is  applied  to  the 
sample  chamber  heater.  Thus,  as  the  difference  voltage  is 
being  integrated,  the  power  to  the  heater  is  being  increased, 
thereby  reducing  the  difference  voltage.  Once  the  tempera- 
ture of  the  sample  chamber  reaches  the  set  point  temperature, 
the  difference  voltage  is  zero  and  the  integration  stops. 

The  power  being  supplied  to  the  heater  by  the  integrator  is 
just  that  needed  to  maintain  the  temperature  of  the  sample 
chamber  at  the  set  point.  Any  change  in  the  heat  load  will 
now  produce  a corresponding  change  in  the  power  supplied  to 
the  heater  in  order  to  maintain  the  temperature  of  the  sample 
chamber  at  the  desired  set  point. 

The  temperature  controller  was  changed  and  upgraded  from 
time  to  time  throughout  this  investigation,  but  the  basic 
operation  remained  the  same.  A detailed  circuit  diagram  for 
the  most  recent  version  of  the  controller  is  given  in  Fig.  15. 
In  explaining  the  circuit  it  is  convenient  to  divide  the  con- 
troller into  four  stages:  1)  the  input  stage,  2)  the  main 
gain  stage,  3)  the  proportional  and  integrating  stage,  and 
4)  the  sximming  and  rectifying  stage.  The  input  stage  con- 
sists of  the  carbon  and  platiniim  temperature  sensors 
(described  earlier),  the  sensor  current  supply,  and  the 
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reference  voltage.  The  current  through  the  sensor  is  main- 
tained at  a constant  level  by  the  differential  operational 
amplifier  (Analog  Devices  model  #184K) . The  magnitude  of  the 
sensor  current  is  determined  by  selecting  one  of  the  preci- 
sion resistors,  R (lOOO,  IkQ,  lOkd,  or  lOOkH)  . This  resistor 
is  placed  between  ground,  G,  and  the  inverting  input  of  the 
amplifier.  (It  should  be  noted  that  this  ground  is  a float- 
ing ground  and  must  be  isolated  from  the  ground  used  for  the 
rest  of  the  circuit.)  A 1.35V  mercury  battery  is  placed 
between  this  ground  and  the  noninverting  input  of  the 
amplifier.  The  temperature  sensors  are  placed  in  the  feed- 
back line  to  the  inverting  input.  Because  of  the  high-gain, 
high-input-impedance  characteristics  of  the  amplifier,  the 
voltage  across  the  input  terminals  is  for  all  practical  pur- 
poses maintained  at  zero  and  all  the  current  through  the 
input  resistor,  R,  goes  through  the  sensor.  Thus,  1.35  V 
is  maintained  across  R and  a constant  current  of  13.5  mA 
1.35  mA,  135  ixA,  or  13.5  (lA  flows  through  the  sensor.  Because 
the  largest  of  these  currents  is  beyond  the  current  handling 
capacity  of  the  amplifier,  the  output  of  the  amplifier  is 
used  in  conjunction  with  a power  transistor  (2N697)  to  con- 
trol the  current  from  the  15V  power  supply.  The  variable 
reference  voltage  is  obtained  by  dividing  the  1.35  volts  of 
a mercury  battery  with  abkflhelipot.  The  difference  be- 
tween this  voltage  and  the  voltage  across  the  temperature 
sensor  is  applied  to  the  main  gain  stage. 

The  main  gain  stage  consists  of  two  operational  ampli- 
fiers: a chopper  stabilized  amplifier  (Analog  Devices, 
model  #234J) , with  a fixed  IM  feedback  resistance,  followed 
by  a differential  amplifier  (Analog  Devices,  Model  #118A) , 
with  an  adjustable  feedback  resistance  of  0 to  50 kQ.  Each 
amplifier  is  protected  against  overload  by  Zener  diodes 
across  the  feedback  resistor.  These  diodes  limit  the  gain 
so  that  no  more  than  8 volts  can  appear  at  the  output.  The 
first  amplifier  amplifies  the  difference  voltage  by  a factor 
which  is  determined  by  the  ralo  of  the  feedback  resistance  to 
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the  resistance  directly  across  the  input  of  the  amplifier. 

Since  this  ratio  varies  with  the  set  point  temperature  and 
the  sensor  temperature,  the  amplification  of  the  difference 
voltage  by  the  first  amplifier  of  this  stage  can  vary  any- 
where from  ~100  to  400.  The  output  from  this  amplifier  is 
applied  either  to  the  noninverting  input  terminal  of  the 
second  amplifier,  in  the  case  where  the  platiniim  sensor  is 
being  used,  or  to  the  inverting  terminal,  in  the  case  where 
the  carbon  sensor  is  being  used.  Since  the  temperature  co- 
efficients of  platinum  and  carbon  resistors  have  opposite 
signs,  this  switching  maintains  the  polarity  of  the  control- 
ler output  the  same  Irrespective  of  which  sensor  is  being 
used.  It  should  be  noted  that,  because  of  switching  of  the 
amplified  voltage  to  different  input  terminals,  the  main  gain 
control  (the  variable  50  kO  feedback  resistor)  has  the  capa- 
bility of  multiplying  the  gain  by  1 to  11  in  the  case  of  the 
Pt  sensor  and  by  0 to  10  in  the  case  of  the  C sensor. 

The  voltage  output  of  the  main  gain  stage  is  fed  to  the 
proportional  and  Integrating  stage.  In  this  stage  the 
difference  voltage  is  both  integrated  and  amplified  to  fora 
two  outputs:  one  proportional  to  a time  Integration  of  the  ^ 

difference  voltage  and  the  other  directly  proportional  to  the  | 

difference  voltage.  The  amplification  of  the  proportional 
output  can  be  varied  from  0 to  10  by  varying  the  feedback  re- 
sistor from  0 to  100  kO.  'Monitoring  this  output  with  the  panel 
voltmeter  is  useful  in  determining  the  deviation  of  the  sam- 
ple chamber  temperature  from  the  set  point  temperature.  The 
output  of  the  Integrator  is  controlled  by  varying  the  input 
of  the  Integrator  from  zero  to  full  value  of  the  main  gain 
stage  output.  This  is  done  with  a 10  kO  hellopot  wired  as  a 
voltage  divider.  The  integrator  is  turned  off  by  shorting 
the  1 p.f  capacitor.  In  the  last  stage  the  output  voltages 
from  the  previous  stage  are  added.  If  the  input  voltage  to 
this  stage  is  negative,  the  diodes  allow  current  to  pass 
through  the  feedback  resistor  and  an  output  voltage  which  is 
equal  in  magnitude  but  of  opposite  polarity  to  that  of  the 
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Input  is  supplied  to  the  output  of  the  controller.  If,  how- 
ever, the  sum  is  positive,  the  diodes  prevent  the  current 
from  passing  through  the  feedback  resistor  and  the  output 
voltage  is  zero.  The  output  voltage  can  be  monitored  with 
the  panel  voltmeter. 

The  voltage  applied  to  the  heater  is  to  be  directly  pro- 
portional to  the  output  voltage  of  the  temperature  control- 
ler. However,  the  low  power  capacity  of  the  controller 
precludes  the  use  of  the  controller  output  directly.  Instead, 
the  output  is  used  to  control  the  power  supplied  to  the  heat- 
er by  an  external  power  supply.  We  used  a Kepco  (model 
#BOP36-1.5M)  power  supply  for  this  purpose. 

This  controller  differs  from  the  earlier  version  mainly 
in  featiires  that  were  added  to  make  the  operation  of  the 
controller  more  convenient:  Zener  diodes  have  been  added  to 
prevent  overloading  the  amplifiers,  the  polarity  of  the  out- 
put has  been  maintained  the  same  irrespective  of  which  tem- 
perature sensor  is  being  used,  deviation  from  set  point  as 
well  as  the  output  voltage  can  now  be  monitored,  and  some  of 
the  operational  amplifiers  have  been  upgraded. 

The  performance  of  the  temperature  controller  was  quite 
satisfactory.  Below  20 K,  the  controller  was  capable  of  main- 
taining a constant  temperature  inside  the  sample  chamber  to 
within  0. 001 K for  the  length  of  time  necessary  to  measure  the 
resistivity  (a  few  minutes).  Above  20 K,  the  specific  heat  of 
the  sample  chamber  greatly  Increases  and  the  thermal  con- 
ductivity of  the  chamber  decreases.  This  means  there  will 
be  a longer  time  before  the  sensors  will  sense  a temperature 
change  some  distance  from  the  sensors  and  correspondingly 
longer  time  before  the  response  of  the  controller  will  be 
felt.  Also  at  these  higher  temperatures,  gradients  in  the 
cooling  gas  become  larger.  All  these  factors  contribute  to 
poorer  temperature  control  at  the  higher  temperatures.  Even 
so,  the  temperature  was  always  controlled  to  within  ^O.IK. 
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2.4  High  Precision  Resistance  Measurements 

After  the  samples  have  been  mounted  in  the  cryostat  and 
the  temperature  of  the  samples  has  stabilized,  the  resist- 
ances of  the  samples  and  their  temperatures  are  measured. 

The  sample  temperature  is  determined  by  measuring  the  resist- 
ance of  one  of  the  temperature  sensors  mounted  next  to  the 
samples  (see  Fig.  13).  A calibrated  Ge  resistor  (Cryocal 
Inc.,  Cat.  #CR1000)  is  used  for  temperature  measurement  below 
20  K,  and  a calibrated  Pt  resistor  (Rosemount  Engineering  Co., 
Cat.  #146MA200F)  is  used  for  temperature  measurements  above 
20 K.  The  resistances  of  the  temperature  sensors  and  of  the 
samples  are  measured  by  using  a standard  four-probe  potentlo- 
metric  technique.  In  this  technique  the  voltage  across  the 
sample  is  determined  by  measuring  the  potential  difference 
between  the  potential  leads,  and  the  current  through  the  sam- 
ple is  determined  by  measuring  the  voltage  across  a standard 
resistor  placed  in  series  with  the  sample.  Dividing  the 
voltage  across  the  sample  by  the  current  then  gives  the 
resistance  of  the  sample  between  the  potential  leads. 

In  the  case  of  the  temperature  measurements,  a digital 
voltmeter  (Data  Precision,  Model  #2540A1)  was  sufficient  to 
determine  the  temperature  to  within  ~1  mK  at  temperatures 
below  20 K and  to  within  ~10  mK  at  temperatures  above  20 K.  On 
the  other  hand,  measuring  the  spin-fluctuation  resistivity 
of  these  alloys,  where  the  spin-fluctuation  resistivity  is 
only  a small  fraction  of  the  total  resistivity,  requires 
special  techniques  and  especially  high  precision  equipment. 

To  measure  the  sample  voltage  and  the  sample  current  we  used 
a Double  Six-Dial  Thermofree  Potentiometer  (Honeywell 
Instriiments , Model  #2773).  The  advantage  of  this  potentio- 
meter over  most  others  lies  in  a nearly  thermofree  construc- 
tion and  a double  set  of  dials  which  allows  for  the  fast 
measurement  of  two  different  voltages  with  essentially  the 
same  potentiometer.  Instead  of  obtaining  the  nulling  voltage 
by  tapping  across  different  sections  of  a resistor  with  a 
constant  current  in  it,  this  potentiometer  obtains  the 
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nulling  voltage  by  varying  the  current  in  the  resistor 
(a  manganin  wire),  thus  shifting  the  dials  with  their  slid- 
ing contacts  to  a part  of  the  circuit  which  is  less  sensitive 
to  thermoelectric  voltages  and  contact  resistances.  There 
are  only  two  copper-manganin  Junctions  in  the  critical  part 
of  the  circuit  and  these  are  placed  next  to  each  other. 

These  Junctions,  along  with  the  manganin  resistor,  are 
enclosed  in  a heavy  aluminum  can  to  reduce  the  temperature 
gradients.  The  current  to  operate  the  potentiometer  is  sup- 
plied by  two  battery  substitutes  (Dynage,  Inc.;  Batt-Sub) 
and  one  internal  standard  cell.  Each  of  these  current 
sources  supplies  current  to  a particular  section  of  the  man- 
ganin resistor.  A single  unsaturated  Eppley  Standard  Cell 
(Leads  & Northrup  Co.,  Cat.  #7308)  is  used  to  calibrate  these 
currents.  Since  the  potentiometer  measures  the  two  unknown 
voltages  using  the  same  cvirrent  sovirces  and  the  same  standard 
cell  for  each  measurement,  and  since  the  two  unknown  voltages 
are  divided  to  obtain  the  resistance  of  the  sample,  first 
order  errors  in  the  standard  cell  voltage  and  first  order 
changes  in  the  Batt-Sub  voltage  are  cancelled  in  determining 
the  resistance.  The  accuracy  of  this  potentiometer  is  to 
within  0.01%  of  the  reading  or  10  nV  whichever  is  greater,  and 
a precision  of  ~1  ppm  is  possible  under  proper  conditions. 

In  order  to  pvish  the  system  to  its  maximum  capability 
in  precision,  there  are  several  conditions  that  must  be  met. 
First,  since  the  thermoelectric  voltages  in  the  potentiometer 
can  be  as  high  as  10  nV,  both  unknown  voltages  must  be  ~10mV 
or  greater.  However,  in  order  to  keep  the  Joule  heating  in 
the  sample  small,  we  would  choose  ~10mV  for  the  sample  volt- 
age. 

Second,  since  on  the  low  range  of  the  potentiometer  the 
maxlm\im  voltage  that  can  be  measured  is  ~llmV,  and  since  it 
is  not  practical  to  change  the  range  and  still  maintain  the 
high  precision,  the  voltage  across  the  standard  resistor  must 
also  be  ~10mV.  This  dictates  a sample  resistance  comparable 
in  resistance  to  the  standard  resistor. 
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Third,  since  each  dial  on  the  potentiometer  is  accurate 
to  ~10  ppm,  the  voltage  across  the  sample  and  standard  resis- 
tor must  be  such  that  the  setting  of  the  top  knob  on  each 
dial  set  remains  fixed.  That  is,  throughout  the  course  of 
the  measurements  the  temperature  dependence  must  be  such  that 
the  sample  resistance  changes  by  less  than  10%.  For  the 
present  set  of  alloys  this  condition  is  easily  met. 

Fourth,  since  the  total  time  required  to  measure  the 
resistance  as  a function  of  temperature  may  be  as  long  as 
10  h > it  is  necessary  that  the  standard  resistor  remain 
stable  to  1 ppm  over  this  period.  This  is  accomplished  by 
controlling  the  temperature  of  the  standard  resistor  (Leeds 
and  Northrup  Co.,  0. 10  resistor , Cat.  #4221)  to  25C±  0.5C. 
The  temperature  dependence  of  other  pieces  of  equipment  such 
as  the  potentiometer,  current  sources,  standard  cell,  etc. 
tend  to  cancel  as  a result  of  the  division  that  is  necessary 
to  obtain  the  resistivity. 

Fifth,  it  is  necessary  to  have  a sample  current  supply 
which  is  stable  to  ~1  ppm  over  the  time  period  of  a single 
measurement  (~1  min)  . Such  a ciirrent  supply  was  built  using 
a design  similar  to  that  used  in  the  temperature  controller 
to  supply  the  current  to  the  control  sensors  (see  input  stage 
of  the  temperature  controller  in  Fig.  15) . The  sample  cur- 
rent supply  differs  from  the  sensor  current  supply  in  the 
following  respects:  1)  the  controlling  voltage  between  ground 
and  the  noninverting  input  of  the  amplifier  is  made  variable 
by  the  addition  of  a voltage  dividing  network,  2)  the  opera- 
tional amplifier  is  upgraded  to  an  Analog  Devices  model 
#260J,  and,  3)  special  care  is  taken  to  insulate  the  tempera- 
ture sensitive  elements  from  the  power  sources. 

Sixth,  and  last,  changes  in  the  thermoelectric  voltages 
must  be  kept  below  10 nV  over  the  course  of  a single  measure- 
ment. To  accomplish  this  we  avoid  having  dissimilar  conduc- 
tors in  regions  of  high  temperature  gradients.  Thus,  all  the 
sample  leads  are  led  directly  from  the  sample  chamber  through 
the  sample-to-room  temperature  gradient  to  the  sample 
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selector  switch  without  any  breaks  or  joints  in  the  wire. 

We  were  able  to  meet  these  conditions  for  maximum 
precision  quite  well.  In  the  case  of  the  samples  immersed 
in  liquid  He,  all  the  above  conditions  were  met,  and  we  were 
able  to  measure  the  resistivity  to  a precision  of  ~1  ppm. 
Above  4.2 K we  observed  a noticeable  amount  of  self  heating 
with  the  100  ma  current  needed  to  maintain  10  mV  across  the 
sample.  Once  this  current  was  reduced  to  20mA,no  self  heat- 
ing was  observed,  but  then  the  10  mV  condition  could  not  be 
met  and  consequentially  the  precision  was  reduced  to  ~5ppm. 
Above  20  K,  such  high  precision  was  superfluous  since  both 
the  uncertainties  in  the  sample  temperature  and  the  thermal 
hysteresis  in  the  resistivity  made  the  measurement 
irreproduclble  to  such  a high  precision. 

The  procedure  used  to  measure  the  resistance  of  the  sam- 
ples as  a function  of  temperatvire  was  designed  to  eliminate 
the  error  that  results  from  not  taking  into  account  existing 
thermoelectric  voltages.  * As  mentioned  earlier,  we  were  able 
to  keep  the  thermoelectric  voltages  constant  to  within 
^O.OlMiVover  the  time  period  of  a resistance  measurement. 
However  the  thermoelectric  voltages  were  sometimes  as  high  as 
0.2  M'V  which,  although  a very  small  part  (0.01%)  of  the 
measured  voltage,  would  contribute  a significant  error  to  the 
spin-fluctuation  resistivity  measurement  if  not  taken  into 
account.  The  effects  of  thermoelectric  voltages  are  largely 
eliminated  by  using  the  fact  that  these  voltages  are  general- 
ly independent  of  the  direction  of  the  sample  current,  where- 
as the  sample  voltage  changes  polarity  upon  reversal  of  the 
current  direction.  The  actual  procedure  is  to  measure  the 
voltages  between  the  sample  potential  leads  and  the  standard 
resistor  leads,  reverse  both  the  current  and  the  potential 
leads  of  the  sample  and  remeasure,  reverse  again  and 
remeasure.  Proper  averaging  of  the  measurements  will  sub- 
tract out  the  thermoelectric  voltages  and  tend  to  compensate 
for  voltage  drifts.  A 12-posltlon  4-pole  switch  (Leeds  and 
Northrup  Co.,  Cat.  #8256-4A-3)  is  used  to  select  the  sample 
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to  be  measured  and  to  reverse  the  current  and  potential 
leads.  To  detect  the  null  voltage,  we  used  a photoelectric 
galvanometer  (Guildline  Instruments  Ltd. , Model  #9460)  which 
' was  capable  of  detecting  voltages  as  small  as  5nV. 


C . Magnetization  Measurements 


2.5  Vibrating  Sample  Magnetometer 

The  procedure  for  measuring  the  magnetization  of  the 
samples  as  a function  of  magnetic  field  and  temperature 
starts  with  the  mounting  of  one  of  the  samples  in  the  vibrat- 
ing sample  magnetometer.  This  magnetometer  was  designed  and 
built  by  Dr.  N.C.  Koon  of  the  Naval  Research  Laboratory, 
Washington,  D.C.  A block  diagram  of  this  magnetometer  is 
shown  in  Fig.  16. 

The  magnetometer  measures  the  magnetic  moment  of  a sam- 
ple as  a function  of  the  magnetic  field.  A uniform  magnetic 
field  is  applied  which  induces  a magnetic  moment  in  the  sam- 
ple. The  sample  is  vibrated  and  the  changing  flux  through 
the  pickup  colls  induces  an  emf  in  the  coils  which  is  propor- 
tional to  the  magnetic  moment,  to  the  vibrational  amplitude, 
and  to  the  frequency.  The  unwanted  dependence  upon  amplitude 
and  frequency  is  removed  by  comparing  the  signal  from  the 
sample  to  the  signal  from  a calibrated  fixed  moment  which  is 
driven  at  the  same  amplitude  and  frequency  as  the  sample. 

The  basic  design  of  the  sample  drive  unit  is  similar  to 
a Mossbauer  drive  unit.  Two  loud-speaker  magnets  and  their 
associated  colls  are  used.  One  coil  is  used  to  drive  a rod 
in  a vertical  sinusoidal  motion.  The  other  coil  (the  monitor- 
ing coil  is  attached  to  and  driven  by  the  rod.  The  fixed 
moment  of  the  loud-speaker  magnet  induces  an  emf  in  the 
monitoring  coil.  The  signal  from  this  coll  and  a signal  from 
a reference  source  (a  very  stable  sine  wave  oscillator)  are 
fed  into  the  drive  controller.  By  comparing  these  two  signals 
the  controller  supplies  to  the  drive  coil  the  necessary  power 
to  drive  the  sample  at  the  frequency  and  amplitude  of  the 
reference  source.  This  arrangement  results  in  a vibrating 
sample  which  is  largely  Independent  of  external  vibrations 
and  changing  loads. 

The  sample  end  of  the  drive  rod  is  placed  into  the  sam- 
ple chamber  of  a cryostat  (similar  to  that  shown  in  Fig.  14). 
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Surrounding  the  sample  chamber  in  the  liquid  He  bath  is  a | 

60kG,Nb“Ti  superconducting  solenoid  (Westinghoiise)  which 

provides  the  magnetizing  field  for  the  sample.  The  sample 

and  pickup  coils  are  mounted  at  the  center  of  the  magnet, 

where  the  uniformity  is  0,005%  over  a spherical  volume  1cm 

in  diameter.  The  pickup  coils  are  a balanced  pair  which  are 

connected  in  series  opposition  so  that  spurious  signals  due 

to  motions  of  the  coils  in  the  magnetic  fields  are  approxi-  | 

mately  cancelled.  The  separation  between  the  two  opposing 

coils  is  chosen  such  that  the  response  to  a vibrating  sample 

is  most  nearly  independent  of  the  distance  of  the  sample  from 

the  center  of  the  pickup  coils.  Since  the  drive  rod  is  sus- 

I 

pended  freely  from  the  loud-speaker  colls  (l.e.,  does  not  rub  j 

against  guides  or  touch  the  pickup  colls),  virtually  all  the 
mechanical  vibrational-coupling  between  the  drive  unit  and 
the  pickup  unit  is  eliminated. 

The  magnetometer  measures  the  magnetic  moment  potentio- 
metrically.  A volt  Ijox  (General  Radio  Co.,  Cat.  #1455-B)  is 
used  to  divide  the  voltage  from  the  monitoring  coll  until  the 
voltage  is  equal  to  the  voltage  induced  in  the  pickup  coil  by 
the  sample.  A narrow-band,  phase-'sensitlve  amplifier  (HR-8 
Lock-In  Amplifier,  Princeton  Applied  Research  Co.)  operating 
at  the  20  Hz  of  the  reference  source  is  used  to  detect  the 
nulling  of  the  two  voltages.  The  voltage  from  the  monitoring 
coil  is  adjiisted  and  calibrated  so  as  to  make  the  volt  box 
read  directly  in  emu.  The  magnetometer  is  calibrated  with  a 
sphere  of  known  magnetic  moment.  This  calibration  sphere 
(3.2  mm  in  diameter)  was  spark  machined  from  a 5-9's  Ni  rod. 

The  accuracy  of  the  magnetometer  in  measuring  large  mag- 
netic moments  is  the  same  as  the  known  accuracy  ('“IX)  for  the 
magnetic  moment  of  the  calibration  sample.  For  small  mag- 
netic moments,  where  the  noise  is  greater  than  1%  of  the  mag- 
netic moment,  the  accuracy  is  ±0.0001  emu. 

The  actual  procedure  used  to  measure  magnetization  of 
the  samples  was  to  first  calibrate  the  magnetometer.  The 
sample  was  then  mounted  and  brought  to  the  desired 
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Fig.  16. 

Block  diagram  of  magnetometer. 
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temperature.  The  temperature  was  measured.  A magnetic  i 

field  was  applied  and  the  magnetic  moment  of  the  sample  was  j 

1 

measured  as  a function  of  the  field.  In  most  cases  the  mag-  , 

netic  field  was  kept  below  5 kG,  where  the  magnetic  susceptl-  | 

billty  of  the  samples  is  nearly  field  independent.  The  ] 

magnetic  field  was  determined  by  measuring  the  current  in  the 
superconducting  solenoid.  Generally,  a small  correction  of 
less  than  32  G had  to  be  made  to  compensate  for  a small 
residual  field.  After  the  magnetic  moment  had  been  measured  | 

as  a function  of  the  field, the  temperature  was  changed  and  ] 

the  process  repeated.  Then,  finally,  after  all  the  samples  | 

in  the  set  had  been  measured,  the  calibration  of  the  magne-  j 

tometer  was  checked  by  measuring  the  moment  of  the  calibra-  | 

tlon  sample. 

2.6  Temperature  measurement  and  control 

The  measurement  and  control  of  the  temperature  of  the 
magnetization  samples  is  accomplished  in  a manner  similar  to 
that  described  previously  for  the  resistivity  sample.  There  ] 

is  however  one  critical  difference.  That  is,  a capacitance 
temperature  sensor  (Lake  Shore  Cryotronics,  Inc.  #CS-400) 
rather  than  a resistance  temperature  sensor  was  used  to  con- 
trol the  temperature  of  the  sample  chamber.  The  advantage 
of  the  capacitance  sensor  over  the  resistance  sensor  is  that 
the  capacitance  of  the  former  is  -totally  uneffected  by  a ; 

magnetic  field  and,  thus,  may  be  used  to  keep  the  temperature 
of  the  sample  chamber  constant  Independent  of  the  value  of 
i the  applied  magnetic  field. 

I The  temperature  controller  operates  in  an  analogous 

manner  to  the  controller  used  for  the  resistivity  measure- 
ments. As  in  that  controller,  this  controller  can  be  thought 
of  as  having  four  stages:  1)  the  input  stage,  2)  the  main  j 

gain  stage,  3)  the  proportional  and  integrating  stage,  and 
I 4)  the  summing  and  rectifying  stage.  The  input  stage  in  this 

i case  is  totally  external  to  the  main  electronics  of  the  con- 

I troller.  It  consists  of  a capacitance  bridge,  the  capacitance  I 
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sensor,  and  a lock-in  amplifier  to  detect  the  bridge  unbal- 
ance. The  output  of  the  lock-in  is  fed  into  the  main  gain 
stage  and  from  this  point  on  the  operation  of  the  controller 
is  the  same  as  described  earlier.  Thus,  once  the  standard 
capacitance  of  the  bridge  circuit  is  adjusted  to  the  appro- 
priate value,  the  controller  will  supply  a sufficient  amount 
of  power  to  heat  the  sample  chamber  to  the  desired  tempera- 
ture and  to  maintain  it  at  that  temperature.  Over  the  tem- 
perature range  (2  to  25  K)  of  the  measurements,  the  controller 
is  capable  of  maintaining  the  temperature  of  the  sample  cham- 
ber to  within  0. OIK  over  a period  of  ~lh.  This  high  degree 
of  control  is  also  maintained  in  the  presence  of  a complete 
field  sweep,  as  was  verified  by  monitoring  the  temperature 
with  a constant -volume  He-gas  thermometer  mounted  on  the  top 
of  the  sample  chamber. 

As  in  the  case  of  the  resistivity  measurements,  a cali- 
brated Ge  resistor  is  used  to  determine  the  sample  tempera- 
ture when  the  temperature  is  below  20 K,  and  a calibrated  Pt 
resistor  is  used  when  the  temperature  is  above  20 K.*  These 
thermometers  are  mounted  on  the  pickup  colls.  Because  of  the 
large  field-dependence  of  these  thermometers,  measurements 
are  taken  before  tne  magnetic  field  is  applied.  This  is 
sufficient,  since  the  capacitance-sensor  temperature  control- 
ler was  able  to  maintain  this  temperature  to  the  stated 
degree  of  accuracy  in  the  presence  of  the  magnetic  field. 

An  attempt  was  made  to  detect  any  temperature  gradient 
between  the  samples  and  the  thermometers.  First,  the  magnet- 
ic moment  of  a sample  was  measvired  when  the  temperature  of 
the  sample  chamber  was  being  controlled  in  the  usual  manner. 
Then  the  sample  and  sample  chamber  were  Immersed  in  liquid  He 
and  the  He  bath  controlled  at  the  same  temperature  as  meas- 
ured in  the  previous  case.  The  magnetic  moment  of  the  sample 
was  remeasured.  Since  there  was  no  detectable  change  in  the 
magnetic  moment,  we  calculate  that  the  temperature  gradient 
between  the  sample  and  thermometers  was  less  than  O.IK. 
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CHAPTER  III:  RESULTS  AND  DISCUSSION 


A.  Magnetization 

From  the  magnetization  results  we  can  characterize  the 
magnetic  state  of  the  various  alloys.  We  present  these  re- 
sults in  variovis  forms  in  the  next  four  sections.  In  the 
first  section  we  show  all  the  magnetization  data  taken  on  the 
various  alloys  as  a function  of  the  magnetic  field  Intensity 
in  the  sample.  In  the  second  section  we  replot  on  an  Arrott 
plot  the  data  for  those  alloys  containing  more  than  1 at%  Ni. 
By  the  use  of  this  plot,  we  extract  the  Curie  temperatures 
and  the  spontaneous  magnetizations  for  the  various  ferro- 
magnetic alloys.  We  then  use  these  results  to  estimate  the 
minimum  Ni  concentration  necessary  for  the  occurrence  of  ferro- 
magnetism in  this  alloy  system.  Finally,  the  results  are 
compared  with  the  similar  results  that  have  been  obtained  for 
the  Pd^  Ni  system.  In  the  third  section  we  obtain  the 
differential  susceptibility  from  magnetization  data.  In  the 
fourth  section  we  use  a model  to  separate  the  magnetization 
and  susceptibility  into  contributions  from  three  sources: 
the  host,  the  isolated  (noninteracting)  Ni  atoms,  and  those 
Ni  atoms  which  magnetically  interact  with  each  other. 

3.1  Magnetization  as  a Function  of  Magnetic  Field  Intensity 

In  this  section  we  present  the  magnetization  data  by 
plotting  the  magnetization  (magnetic  moment  per  gram)  as  a 
function  of  the  magnetic  field  intensity  in  the  samples.  In 
general,  the  sample  temperatures  ranged  from  2K  to  20K  and 
the  field  was  varied  from  ^ kG  to  4kG.  However,  for  the  sam- 
ples at  4 K the  field  was  varied  up  to  56  kG.  Figs.  17  and  18 
show  these  higher  field  measurements.  The  remaining  figures 
in  this  section  show  the  low  field  measurements.  For 
the  case  of  the  alloys  containing  ^1  at%Ni,  the  curves 
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through  the  low  field  data  are  the  straight  lines  obtained 
from  a linear  regression  analysis  of  the  data.  In  all  other 
cases,  french  curves  were  used  in  drawing  the  curves. 

The  general  features  of  the  data  can  be  listed  as  fol- 
lows: 1)  The  magnetization  of  the  alloys  containing  si  at%  Ni 
is  an  increasing,  nearly  linear  function  of  the  magnetic  field. 

2)  The  magnetization  of  the  alloys  containing  ^1^  at%  Ni  is  an 
increasing,  highly  nonlinear  function  of  the  magnetic  field. 

3)  Both  the  magnetization  and  the  temperatxire  dependence  of 
the  magnetization  increase  as  the  higher  Ni  concentrations 
are  approached.  4)  The  zero  field  magnetization  (found  by 
extrapolating  the  data  to  zero  field)  is  nonzero  even  for 
those. alloys  lowest  in  Ni  concentration. 

Except  for  the  fourth  feature  listed  above,  the  data  can 
be  explained  on  the  basis  of  an  alloy  system  which  transforms 
from  a strongly  paramagnetic  system  to  a ferromagnetic  system 
with  the  addition  of  a dilute  amount  of  Ni.  The  mechanisms 
of  the  transformation  will  become  clearer  as  we  analyze  the 
data  further  in  the  following  sections.  However,  the  fourth 
feature  appears  to  be  a characteristic  of  the  data  taking  and 
not  an  intrinsic  property  of  the  alloy  systems.  To  see  this 
we  examine  some  of  the  reasons  why  a nonzero  intercept  might 
be  expected.  Obvious  ones  that  come  to  mind  are  as  follows: 
iron  impurtities  in  the  alloys,  inappropriate  extrapolation 
procedure,  and  systemic  errors  in  either  the  field  or  magnet- 
ization measurements. 

Iron  impurities  can  be  ruled  out  as  the  cause  for  a 
varity  of  reasons.  First,  the  spectrographic  analysis  of  the 
alloys  snowed  no  detectable  variation  in  iron  content,  where- 
as the  values  of  the  intercepts  vary  strongly  from  one  sample 
to  the  next.  Second,  since  it  is  obvious  that  iron  impuri- 
ties (local  moments)  could  never  yield  a negative  intercept, 
this  cause  must  be  ruled  out  for  those  alloys  with  negative 
intercepts.  Third,  it  is  known^®  that  the  magnetic  behavior 

(text  continues  on  p.  154) 
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Fig.  17. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a Pdgg  0 ^ temperature 
of  4.3K. 
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Fig.  18. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a series  of  (Pdo-Rh-)-  Ni  alloys  at 

O J."*X  X 

a temperature  of  4.3  K.  The  atomic  percent  of  Ni 
in  the  alloy  labels  each  curve.  The  concentration 
and  estimated  error  in  the  concentration  of  each  of 
the  alloys  can  be  found  in  table  2.1.  The  Nl-free 
sample  shown  here  is  from  the  second  alloy  set. 
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Fig.  19. 

Magnetization  as  a fxmction  of  the  magnetic  field 
Intensity  in  a Pdgg  0 temperatures  of 

2.1  K,  9.5  K,  and  19. 5 K.  See  tex*t  for  discussion  of 

the  straight  lines  through  the  data  and  the  non- 
zero intercepts  at  H-'O. 
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Fig.  20. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a Pdgg  gRhg  ^ alloy  at  temperatures  of 
4.^Kand  15.3  K.  See  text  for  discussion  of  the 
straight  lines  through  the  data  and  the  non-zero 
Intercepts  at  H-0. 
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21. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a P<i94  2 temperatures 

of  2.1  K,  9.6 K and  19.3  K.  See  text  for  discussion 
of  the  straight  lines  through  the  data  and  the  non- 
zero intercepts  at  H=0. 


Fig.  22. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a Pdg^  2 temperatures  of 

4.3  K and  15.5K»  See  text  for  discussion  of  the 
straight  lines  through  the  data  and  the  non-zero 
intercepts  at  H=0. 
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Fig.  23. 


Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (PdggRhg)gg  25 

temperatures  of  2. IK,  9.5  K,  and  19.0  K.  See  text 
for  dfscussion  of  the  straight  lines  through  the 
data  and  the  non-zero  intercepts  at  H=0. 
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Fig.  24. 

Magnetization  as  a function  of  the  magnetic  field 

intensity  in  a (P^gs^V 99. 75^^0.25 
temperatures  of  4.3  K and  15.4  K..  See  text  for 
discussion  of  the  straight  lines  through  the  data 
and  the  non-zero  intercepts  at  H-0. 
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Fig.  25. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (Pd95Rh5)gg  g^Ni^  alloy  at 
temperatures  of  2.1 K,  9.5  K,  and  19.1  K.  See  text 
for  discussion  of  the  straight  lines  through  the 
data  and  the  non-zero  intercepts  at  H-0. 
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Fig.  26. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (Pdg5Rh5)gg  g^^Ni^  alloy  at 
temperatures  of  4,3  K and  15.4  K.  See  text  for 
discussion  of  the  straight  lines  through  the  data 
and  the  non-zero  Intercepts  at  H*0. 


Fig.  27. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (Pd^^Rh^)  alloy  at 

temperatures  of  2. IK,  4.3K,  9.5K,  15. 5K,  and 
19.4  K.  See  text  for  discussion  of  the  straight 
lines  through  the  data  and  the  non-zero  intercepts 
at  H=0. 


Fig.  28. 

Magnetization  as  a function  of  the  magnetic 
field  intensity  in  a (PdggRhg)  gg  alloy  at 

temperatures  of  2. IK,  4.3K,  9.5K,  15. 3K,  and 
19.2  k.  See  text  for  discussion  of  the  straight 
lines  through  the  data  and  the  non-zero  intercepts 
at  H=0. 
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Fig.  29. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (Pd95Rli5)98  5 3^^- 

temperatures  of  2. IK,  4.3K,  9.7K,  15. 5K,  and 
19. 5K. 


Fig.  31. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (PdggRhg)g^  5 

temperatures  of  2.1K,4.3K,  9.7K,  13.8K,  14.7K, 
15. 5K,  and  19. 6K. 
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Fig.  32. 

Magnetization  as  a function  of  the  magnetic  field 
intensity  in  a (PdggRhg)g^  0 

temperatures  of  2. IK,  4.4K,  9.9K,  15. 7K,  19. 8K, 
24.3  K,  and  25.7  K. 
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of  iron  impurities  in  these  alloys  follows  a Brillouin  func- 
tion, whereas  there  is  not  a single  case  in  the  present  data 
where  the  temperatiire  dependence  expected  from  such  a behavior 
was  observed.  Lastly,  even  if  one  assumes  the  maximum  Fe 
content  of  10  ppm  allowed  by  the  spectrographic  analysis, 
the  intercept  from  this  source  would  be  an  order  of  magnitude 
smaller  than  the  largest  intercepts  observed. 

Next  we  turn  to  the  question  of  whether  or  not  the 
I linear  regression  analysis  was  the  appropriate  method  for 

analyzing  the  low-field  data  of  the  alloys  with  £l  at%  Ni. 

Suppose  we  assume  that  the  data  should  extrapolate  to  the 
origin,  as  would  be  physically  expected.  Then  we  might  try 
fitting  the  data  with  a straight  line  through  the  origin  or 
with  some  other  smooth  function  which  passes  through  the 
origin.  A least-square  fit  of  a straight  line  through  the 
origin  yielded  lines  which  in  some  case  missed  data  points 
by  amounts  which  far  exceeded  the  error  of  the  data  point. 

Also,  a fitting  of  the  data  with  a smooth  curve  thi^ough  the  ■ 

data  and  the  origin  implied  in  some  cases  a susceptibility 
which  was  not  a monotonic  function  of  the  field — a behavior 
which  would  be  hard  to  explain  physically  for  these  alloys. 

Finally,  one  can  compare  the  sxisceptibllitles  obtained  from 
the  above  analysis  with  those  from  the  linear  regression 
analysis.  If  one  plots  the  susceptibility  as  either  a func- 
tion of  the  temperature  or  the  composition,  then  one  finds 
that  the  linear  regression  analysis  yields  data  with  the 
least  amount  of  scatter.  Thus,  we  feel  that  the  linear 
I regression  analysis  is  the  appropriate  method  for  analyzing 

, these  data  and  therefore  the  source  of  the  nonzero  Intercepts 

lies  elsewhere. 

Since  local  moment  impurities  or  an  Inappropriate  treat- 
ment of  the  data  have  been  ruled  out  as  the  cause  of  the  non- 
zero intercepts,  we  turn  to  the  possibility  of  a small 
1 systemic  error  in  the  measurements.  A systemic  error  in  the 

i measurement  of  the  magnetic  field  can  be  ruled  out  as  the 

' cause,  since  the  error  that  would  be  required  is  far  too 
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large  to  be  reasonable.  On  the  other  hand,  the  errors  that 
would  be  required  in  the  measurement  of  the  magnetic  moment 
of  the  samples  are  not  much  larger  than  the  resolution  in  the 
measurement.  In  fact  the  largest  intercept  which  was  found 
corresponded  to  a magnetic  moment  which  was  only  five  times 
that  of  the  resolution.  Such  a small  systematic  error  in  the 
magnetic  moment  would  also  explain  why  the  zero  field  inter- 
cepts were  consistently  smaller  in  the  Pd95  0 

This  follows  because  this  alloy  was  3 to  4 times  as  massive 
as  any  of  the  alloys  containing  ^1  at%Ni,and,  consequently, 
a comparable  error  in  measurement  of  the  magnetic  moment 
would  yield  a correspondent ly  smaller  error  in  the  magnetiza- 
tion of  this  specimen.  Thus,  it  appears  that  a small  but 
detectable  error  exists  in  the  magnetization  measurement; 
however  this  is  easily  corrected  by  subtracting  the  value  of 
the  zero-field  intercept  from  the  data.  For  the  alloys  with 
Ni  concentration  >1  at%,  the  above  error  is  even  less  signi- 
ficant since  both  the  magnetization  and  the  mass  of  these 
alloys  are  greater  than  the  alloys  from  the  first  two  sets. 

In  conclusion,  we  have  presented  in  this  section  all  the 
magnetization  data  and  have  dlscusst^d  some  aspects  of  the  low 
field  data.  In  the  next  few  sections  we  will  be  taking  a 
closer  look  at  this  data.  It  is  clear  from  the  data  Just 
presented  that  with  the  addition  of  approximately  1^  to  2^  at% 
Ni  the  alloy  has  become  ferromagnetic.  However,  the  exact 
composition  at  which  ferromagnetism  occurs  and  the  nature  of 
the  transition  are  not  readily  apparent  from  the  M versxis  H 
plots.  In  the  following  section  we  explore  this  transition 
region. 

3.2  Arrott  Plots  and  Curie  Temperatures 

In  this  section  we  find  the  critical  concentration  for 
the  occurrence  of  ferromagnetism  in  the  (Pd-_Rhe)-  Ni  sys- 
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tern  and  the  Curie  temperatures  for  the  ferromagnetic  alloys. 

The  key  to  extracting  this  Information  from  the  data  is  the 

51  2 

use  of  the  Arrott  plot  , where  M is  plotted  as  a function 
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of  H/M.  The  usefulness  of  such  a plot  can  be  seen  by  apply- 

52 

Ing  the  Landau  theory  of  second  order  phase  transitions  to 

the  paramagnetic-ferromagnetic  transition.  Using  this  theory 
28 

one  can  show  that  minimizing  the  free  energy  with  respect 
to  the  magnetization  yields  the  equation, 

H(r)  - A(c,T)M(r)  +B(c,T)M^(r)  -C(c,T)v2M(r)  , (3.1) 

where  M(r)  is  the  spatially  varying  magnetization,  H(r)  is 
the  magnetic  field  Intensity,  and  A,  B>0,  C>0,  are  parameters 
which  are  functions  of  the  alloy  concentration,  c,  and  the 
temperature,  T.  For  a homogeneoiis  alloy  system  in  a spatial- 
ly unifrom  field  the  above  equation  reduces  to 

H - A(c,T)M  + B(c,T)M^  . (3.2) 

On  an  Arrott  plot  this  equation  of  state  has  the  simple  form 
of  a straight  line,  as  is  easily  seen  upon  rewriting  Eq.  3.2 
as 

In  the  absence  of  an  applied  field  there  are  two  relevant 
solutions  to  £q.  3.2: 

M - 0 , A > 0 , and  M - (-A/B)^  , A < 0 . 

The  first  of  these  corresponds  to  the  paramagnetic  state  of 
the  system  and  the  second  corresponds  to  the  ferromagnetic 
state.  Thus,  by  plotting  on  an  Arrott  plot  the  magnetization 
of  the  homogeneous  alloy,  we  have  a clear-cut  method  for 
determining  the  magnetic  state  (phase)  of  the  alloys  in  the 
system — those  alloys  where  the  equation  of  state  corresponds 
to  a line  which  Intersects  the  positive  abscissa  are  in  the 
paramagnetic  state,  while  those  alloys  where  the  equation  of 
state  corresponds  to  a line  which  Intersects  the  positive 
ordinate  are  in  the  ferromagnetic  state.  The  Curie  tempera- 
tiire  is  the  temperature  for  which  the  equation  of  state 
corresponds  to  a line  passing  through  the  origin,  and  the 
critical  composition  for  the  onset  of  ferromagnetism  is  the 
composition  whose  equation  of  state  at  T-0  corresponds  to  a 
line  passing  through  the  origin. 
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For  an  inhomogeneous  alloy,  where  the  equation  of  state 
no  longer  corresponds  to  a straight  line  on  the  Arrott  plot, 
it  is  still  useful  to  define  a Curie  temperature  and  a criti- 
cal composition  in  a manner  analogous  to  that  given  above. 

The  Curie  temperature  in  this  case  is  defined  as  the  tempera- 
ture at  which  the  magnetization,  when  extrapolated  to  H-0,will 
go  to  the  origin  of  the  Arrott  plot.  An  alloy  is  said  to  be 
in  the  ferromagnetic  state  if  the  extrapolation  yields  M>0  and 
is  said  to  be  in  the  paramagnetic  state  if  the  extrapolation 
yields  M"0.  The  critical  composition  is  that  alloy  composi- 
tion which  has  a Curie  temperature  equal  to  zero.  That  the 
above  criteria  yields  a useful  method  for  determining  the 


critical  composition  is  supported  by  the  work  of  Murani  et 
53 

al.  on  the  Pd.  Ni  system.  They  founds  that  if  they  apply 

X 

the  above  definition  when  analyzing  their  magnetization 
results,  then  the  critical  concentration  they  obtained  would 
be  in  excellent  agreement  with  the  critical  concentration  found 
both  from  resistivity  and  from  specific  heat  measurements. 

With  this  background  in  mind,  we  re-examine  the  magneti- 
zation data  (Sect.  3.1)  for  those  alloys  containing  ^1^  at% 

Ni.  The  high  field  data  are  shown  in  the  first  Arrott  plot 
(Fig.  33).  The  low  field  data  are  shown  in  the  four  following 
plots  (Fig.  35  through  Fig.  37).  It  is  clear  from 
examining  the  curves  drawn  through  the  data  and  applying  the 
criteria  for  ferromagnetism  given  above  that  the  1.5  at%  Ni 
sample  is  paramagnetic  at  all  temperatures,  while  the  2.0, 

2.5,  and  3.0  at%  Ni  samples  have  Curie  temperatures  of  2.0^ 
0.5K,  13.0db0.5K,  and  24.5db0.5K,  respectively.  In  Fig.  38 

we  compare  these  Curie  temperatures  with  the  Curie  tempera- 
53 

tures  obtained  in  the  same  manner  for  the  Pd,  Ni  system. 
Extrapolating  the  Curie  temperature  data  to  a zero  Curie  tem- 
perature, we  obtain  a critical  concentration  of  1.9±0.05  at% 
Ni  for  the  onset  of  ferromagnetism  in  the  (PdggRhg) ^_^Ni^ 
system,  which  is  significantly  lower  than  the  2.3±0.05  at%  Ni 
value  found  for  the  Pdj^_^Ni^  system. 

(text  continues  on  p.  170) 
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Fig.  33. 

Magnetization  squared  as  a function  of  the  magnetic 
field  intensity  divided  by  the  magnetization  for  a 
series  of  alloys  at  a temperature 

of  4.3 K.  The  atomic  percent  of  Ni  in  the 

I 

(PdggRhg) alloys  labels  each  curve.  Measure- 
ments were  made  in  fields  up  to  56  kG. 


(emu/g) 
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Fig.  34.  j 

Magnetization  squared  as  a function  of  the  magnet-  j 

ic  field  intensity  divided  by  the  magnetization  I 

for  a (PdggRhg)gg  gNij^  g alloy  at  temperatures  of  ] 

2,1K,  4.3  K,  9.7  k/i5.5*K,  and  19. 5K. 
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Fig.  35. 

Magnetization  squared  as  a function  of  the  magnet- 
ic field  intensity  divided  by  the  magnetization 
for  a (Pd95R^5)98  0 temperatures  of 

2.1K,  4,3K,  9.7K,*15.5*K,  and  19.7  K.  Smooth 
curves  suggest  the  data  extrapolation. 
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Fig.  36. 

Hagnetlzation  squared  as  a function  of  the  magnet- 
ic field  intensity  divided  by  the  magnetization 
for  a (PdggRhg)g^  5 temperatures  of 

2. IK,  4.3K,  9.7  K,*13.8’k,  14. 7K,  15. 5K,  and  19. 6K. 
Smooth  curves  suggest  the  data  extrapolation. 


[(emu/g)  ] 


H/M  [k(3/(emu/g)] 


Magnetization  squared  as  a function  of  the  magnet- 
ic field  intensity  divided  by  the  magnetization 
for  a temperatures  of 

2. IK,  4.4K,  9. 9K,’ 15.7k,  19. 8K,  24. 3K,  and  25. 7K. 
Smooth  curves  suggest  the  data  extrapolation. 


[(eitiu/g) 


Fig.  38. 

Curie  temperatures  as  a function  of  the  atomic 
percent  of  Ni  in  the  (PdocRh-)-  Ni  alloys  and 
in  the  Pd.  Ni  alloys.  Both  sets  of  data  are 

JL  A 

obtained  by  finding  the  temperature  at  which  the 
low  field  magnetization  data  will  extrapolate  to 
the  origin  of  an  Arrott  plot.  The  Pdj^_^Ni^  data 
were  taken  from  Ref.  53. 
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We  can  also  make  use  of  the  Arrott  plot  to  compare  the 


spontaneous  magnetizations  of  the  two  systems.  For  this  pur- 
pose, we  will  define  the  spontaneous  magnetization  (M  ) as 

S 

the  magnetization  found  by  extrapolating  the  magnetization 

data  to  H=0  on  an  Arrott  plot.  In  Fig.  39,  we  show  the 

zero-temperature  spontaneous  magnetizations  for  both  the 

(PdrtcRhc),  „Ni  and  the  Pd,  Ni  alloy  systems  These  values 
yo  o X"X  X X“X  X 

were  obtained  by  plotting  M for  each  alloy  as  a function  of 

s 

temperature  and  then  extrapolating  to  T=0. 

It  is  of  interest  to  compare  other  aspects  of  the  magnet- 
ic behavior  of  the  (Pdo-Rh-),  Ni  system  near  the  critical 

yo  o x~x  X 

concentration  with  that  of  the  Pd,  „Ni  system.  For  example, 
compare  the  Arrott  plots  given  here  with  those  given  in 
Ref.  53  and  Ref.  54.  The  striking  feature  one  observes  is 
the  very  similar  appearance  of  the  magnetization  of  the  two 
systems  provided  one  compares  samples  which  have  the  same 
ratio  of  Ni  concentration  to  critical  concentration.  This 
implies  that  the  mechanisms  by  which  each  system  transforms 
from  a paramagnetic  system  to  a ferromagnetic  system  are  very 
similar  in  nature.  The  large  amount  of  curvature  seen  on  the 
Arrott  plot  for  those  concentrations  near  the  critical  concen- 
tration indicates  that  a high  degree  of  Inhomogeneity  exists 
in  the  magnetization  as  the  systems  go  through  the  magnetic 
transformation.  This  Inhomogenelty  might  very  well  have  been 
expected  since  magnetic  inhomogenelty  has  been  observed  in 

Pd,  „Ni  both  below  and  above  the  critical  concentration. 

* 25 

Resistivity  data  for  the  dilute  paramagnetic  Pd,  Ni  alloys 

1 Q X“X  X 

show  the  Ni  atoms  to  be  locally  enhanced'^'',  while  neutron- 
scattering experiments on  ferromagnetic  Pdj^_^Ni^  alloys  just 
above  the  critical  concentration  indicate  that  the  nvunber  of 
ferromagnetically  aligned  Ni  atoms  is  less  than  the  total  num- 
ber of  Ni  atoms. 

A fundamental  question  arises  when  we  are  dealing  with 
magnetically  inhomogeneous  alloy  systems,  as  is  most  likely 
in  the  present  case.  Does  there  exist  a temperature  (the 
Curie  temperature)  such  that  in  the  zero  field  limit  the 
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average  magnetization  at  any  given  point  is  zero  for  tempera- 
tures above  this  temperature  and  nonzero  for  temperatures 
below  this  temperature?  An  example  of  a system  without  a 
fixed  Curie  temperature  would  be  a system  which  formed  a 
mixed  state  with  both  paramagnetic  and  ferromagnetic  phases. 
One  can  also  find  an  example  of  a inhomogeneous  system  with 
a well  defined  Curie  temperature.  Suppose  for  example,  one 
had  a locally  enhanced  system  in  which  the  amount  of  enhance- 
ment at  a given  site  depended  only  on  the  type  of  atom  at  the 
site  and  on  the  average  enhancement  of  the  alloy.  In  this 
case,  because  the  enhancement  depends  on  the  type  of  atom  and 
not  on  the  configuration  of  the  atoms,  once  a spontaneous 
moment  forms  on  one  atom,  it  will,  because  of  the  Identical 
nature  of  the  atoms,  exist  on  all  the  atoms  of  this  species. 

If  the  concentration  is  high  enough  such  that  all  the  moments 
Interact  once  formed,  then  the  system  will  have  well  defined 
Curie  temperature. 

It  should  be  clear  that,  if  the  Curie  temperature  exists, 
the  Arrott  plot  will  yield  this  temperature.  However,  for  the 
Inhomogeneous  system,  where  one  no  longer  expects  the  zero 
field  extrapolations  to  be  straight  lines  on  the  Arrott  plot, 
the  extrapolations  become  more  difficult,  and  as  a conse-* 
quence,  the  Curie  temperatures  become  more  uncertain. 

For  systems  which  form  mixed  phase  regions  and  therefore 
lack  a Curie  temperature,  one  may  wish  to  generalize  the 
definition  of  the  Curie  temperature  so  as  to  include  these 
systems.  In  the  next  section  we  will  use  a generalized  defi- 
nition for  the  Curie  temperature  which  is  based  on  suscepti- 
bility rather  than  the  magnetization  of  the  sample.  At  that 
time,  we  will  discuss  the  relation  between  the  Arrott  criteria 
and  this  generalized  Curie  temperature.  We  will  also  re- 
examine the  data  to  see  whether  or  not  the  Curie  temperatures 
based  on  this  new  definition  differ  significantly  from  those 
determined  on  the  basis  of  the  Arrott  method. 
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Fig.  39. 

Spontaneous  magnetization  at  T-0  as  a function  of 
the  atomic  percent  of  Ni  in  (Pd_eRh_),  Ni  and 
Pd,  Ni  alloys.  The  spontaneous  magnetization, 

X *X  X 

defined  as  the  magnetization,  was  obtained  by 
extrapolating  the  magnetization  data  to  zero  field 
on  an  Arrott  plot.  The  Pd,  Ni  data  were  taken 
from  Ref.  53. 


3.3  Susceptibility 

In  this  section  we  present  the  static  differential  sus- 
ceptibility of  those  (PdocRh-)-  Ni  alloys  described  earli- 

y o o i.  “X  X 

er.  The  susceptibility  is  obtained  from  the  magnetization 
data  by  measuring  the  slope  at  various  points  on  the  M vs  H 
curves.  In  most  cases  this  involved  fitting  the  data  over  a 
limited  field  range  with  a straight  line  and  taking  the  slope 
of  this  line  to  be  the  value  of  susceptibility  at  the  field 
corresponding  to  the  midpoint  of  the  range.  Linear  interpo- 
lation between  these  susceptibilities  yielded  the  desired 
susceptibility  at  any  field.  For  cases  where  curvature  of 
the  magnetization  was  too  great  for  this  method  to  be 
practical,  the  susceptibility  was  obtained  graphically  from 
the  slope  of  the  M vs  H curves  given  in  section  3.1. 

The  results  of  this  analysis  are  shown  in  the  next  series 
of  figures.  In  Fig.  40,  the  susceptibility  of  the  two 
Ni-free  samples  can  be  compared.  As  can  be  seen  from  the 
figure,  both  samples  exhibit  the  same  temp,erature  dependence, 
with  the  2 showing  a slightly  higher  suscep- 

tibility at  2 kG  and  a slightly  greater  field  dependence. 
However,  the  differences  barely  exceed  the  estimated  errors, 
which  were  based  on  the  scatter  of  the  M(H)  data  points. 

Thus,  once  one  takes  into  account  the  systematic  errors,  such 
as  differences  in  sample  preparation,  it  becomes  doubtful 
that  these  differences  are  significant.  The  values  of  the 
susceptibility  for  these  samples  are  in  good  agreement  with 
those  reported for  alloys  with  similar  compositions. 

In  Fig.  41,  the  2 kG  susceptibility  data  for  the  para- 
magnetic alloys  are  shown  as  a function  of  the  temperature, 
i\nd  in  Fig.  42  most  of  the  same  data  are  shown  as  a function 
of  the  Ni  concentration.  We  shall  wait  until  the  next  section 
before  we  give  a detailed  discvission  of  these  data.  At  that 
time  we  introduce  a model  which  explains  the  features  that 
are  exhibited  in  these  two  figures. 

Next  we  examine  the  susceptibility  of  the  ferromagnetic 
alloys  and  again  determine  the  Curie  temperature  of  these 
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alloys.  It  is  useful  in  this  case  to  define  the  "Curie" 
temperature  as  the  temperature  at  which  the  initial  suscepti- 
bility (dM/dH  as  H-0)  is  a maximum.  For  systems  with  a well 
defined  Curie  temperature  (see  definition  given  in  previous 
section) , this  new  definition  is  equivalent  to  the  previous 
definition,  since  the  susceptibility  diverges  at  the  Curie 
temperature  for  these  systems.  The  new  definition  is  useful 
because  it  extends  the  definition  of  a Curie  temperature  to 
those  systems  which  form  mixed  phase  regions  and  thus  greatly 
increases  the  number  of  systems  which  can  be  compared  using 
this  parameter.  In  this  new  generalized  sense,  the  Curie 
temperature  is  the  temperature  at  which  in  the  limit  of  a 
vanishingly  small  field  the  alloy  exhibits  the  greatest 
response  to  the  field. 

It  should  be  clear  from  the  above  definitions  that  the 
Curie  temperatures  obtained  from  an  Arrott  plot  analysis  may 
differ  from  those  based  on  a susceptibility  analysis.  Take 
for  example  a system  which  is  in  a paramagnetic  phase,  but  as 
the  temperature  is  lowered  a mixed  phase  region  forms.  As 
soon  as  any  amount  of  the  ferromagnetic  phase  is  formed,  the 
magnetization  of  the  sample  is  no  longer  zero  and  the  Arrott 
relation  will  imply  that  the  Curie  temperature  has  been  reached, 
whereas  the  maximum  response  to  an  applied  field  may  not  occur 
until  a much  lower  temperature.  However,  the  exact  difference 
between  these  two  Curie  temperatures  will  depend  on  the  width 
of  the  two-phase  region,  the  details  of  the  Arrott  extrapola- 
tion, and  the  sensitivity  of  the  measurement. 

We  have  found  the  Curie  temperatures  for  the  ferromagnet- 
ic alloys  by  closely  examining  the  slopes  of  the  M vs  H curves 
given  in  section  3.1.  First  we  extrapolate  these  slopes  to 
zero  field  to  obtain  the  zero  field  susceptibility,  and  then 
we  find  the  temperature  at  which  this  susceptibility  is  a 
maximxun.  Within  the  errors  of  this  procedure  we  find  no 
detectable  difference  between  these  Curie  temperatures  and 

(text  continues  on  p.  184) 


Fig.  40. 

Differential  susceptibility  at  2 kG  as  a function 

of  sample  temperature  for  both  2 

nRh-  Also  shown  is  the  differential 
90.0  5.0 

susceptibiXity  at  50  kG  for  both  alloys  at  a tem- 
perature of  4.3  K. 
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Fig.  41, 

Differential  susceptibility  at  2 kG  as  a function  | 

of  sample  temperature  for  a series  of  paramagnetic  I 

(Pdo-Rh-),  Ni„  alloys.  The  atomic  percent  of  Ni 
yo  o X“X  X • 

in  the  alloy  labels  each  curve. 
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Fig.  42. 

Differential  susceptibility  at  2 kG  as  a function 
of  the  atomic  percent  of  Ni  in  a series  of 
(Pdo-Rhe)*-  Ni^  alloys  at  temperatures  of  ^.IK, 

yO  D JL**X  X 

9.5  K,  and  19  K. 


Fig.  43. 

The  ratio  of  the  differential  sxisceptibility  of 
the  Ni  alloy  to  that  of  the  host  plotted  as  a 
function  of  the  atomic  percent  of  Ni  in  a series 
of  (Pd„eRh_),  ^Ni^  alloys  at  a temperature  of 
4.3 K.  Smooth  curves  through  the  data  suggest  the 
concentration  dependence  of  the  alloy  system.  The 
magnetic  field  intensities  at  which  the  measure- 
ments were  made  label  the  curves. 


182 


those  obtained  from  the  Arrott  plots  in  section  3.2.  There- 
fore we  conclude  that  the  Curie  temperatures  and  the  critical 
concentration  for  the  onset  of  ferromagnetism  in  the 
(PdggRhg) system  are  correct  as  stated  in  that  section. 

Finally,  we  conclude  this  section  by  showing  in 
Fig.  43  the  susceptibility  of  the  various  alloys  as  a func- 
tion of  Ni  concentration.  It  is  clear  from  the  figure  that 
as  the  field  is  reduced  the  susceptibility  becomes  sharply 
peaked.  There  are  various  models  for  alloys  around  the 
critical  concentration  which  describe  this  peaking.  However, 
we  shall  leave  until  the  end  of  the  next  section  a discTisslon 
of  how  well  these  models  describe  the  field  and  concentration 
dependence  of  both  the  susceptibility  and  the  magnetization 
of  these  alloys . 

3.4  Contributions  from  Interacting  and  Noninteracting  Ni 
Atoms 

In  this  section  we  show  that  magnetization  and  suscepti- 
bility data  for  those  alloys  with  £1  at%  Ni  can  be  explained 
if  one  considers  two  kinds  of  spin-fluctuation  center — the 

first  consisting  of  a single  Ni  atom  and  the  second  consisting 

57  58 

of  a pair  of  Ni  atoms.  In  the  model  ’ we  assume  that  the 
Ni  atoms  are  randomly  distributed  throughout  the  alloy  and 
that  if  the  distance  between  two  Ni  atoms  is  less  than  a cer- 
tain critical  distance,  then  they  will  interact  to  form  a 
coupled  magnetic  pair.  We  further  assume  that  for  concentra- 
tions £1  at%  Ni  the  magnetization  of  the  host  is  unaffected 
by  the  Ni  addition  and  that  ternary  or  higher  order  clusters 
can  be  neglected. 

In  this  model  a Ni  atom  will  be  isolated  (noninteracting) 
if  the  distance  to  the  nearest  Ni  atom  is  greater  than  some 
critical  interaction  distance  (d) . Thus,  an  Isolated  Ni  atom 
is  an  atom  which  lies  at  the  center  of  a sphere  of  radius  d 
and  is  the  only  Ni  atom  in  the  sphere.  The  probability  that 
any  given  site  will  be  occupied  by  an  Isolated  Ni  atom  is 
found  by  first  noting  that  the  probability  that  any  given  site 
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will  be  occupied  by  a Ni  atom  is  equal  to  the  concentration 
of  Ni  atoms,  c,  and  correspondingly  the  probability  that  any 
given  site  will  be  occupied  by  an  atom  other  than  Ni  is  equal 
to  1-c.  Thus,  the  probability  that  the  site  is  occupied  by 
an  isolated  Ni  atom  is  c(l-c)*^,  where  n is  one  less  than  the 
number  of  atoms  within  the  interaction  sphere  mentioned  above. 
The  total  number  of  isolated  Ni  atoms  in  a gram  of  alloy  can 
be  written  as 


N 


1 


w c ( l*c ) , 

"m 


(3.4) 


where  the  nvimber  of  sites  in  a gram  is  Advogadro's  nvuaber, 

N^,  divided  by  the  molar  weight  of  the  alloy,  W^. 

The  probability  that  there  will  be  a Ni  atom  at  any 

given  site  and  only  one  other  Ni  atom  in  the  interaction 

2 

sphere  centered  at  the  site  is  nc  (1-c)  . The  factor  n 

comes  from  the  fact  that  there  are  n possible  sites  for  the 
second  Ni  atom.  The  number  of  Ni  atoms  coupled  to  form  pairs 
in  a gram  of  alloy  is 

Na  9 „ 1 

N,  - ^nc^(l-c)°"-^  . (3.5) 


The  niunber  of  Ni  atoms  remaining  (coupled  into  clusters  of 
three  or  more  Ni  atoms)  in  the  gram  is  then 


A 


(3.6) 


For  small  concentrations  of  Ni  atoms  we  can  approximate 
Nj^  and  Ng  by  keeping  only  the  leading  term  in  the  concentra- 
tion, yielding 

^ c , (3 i 7a) 

M 

and 

^A  2 

No‘"w^nc‘“  . (3.7b) 

^ "m 

Thus,  we  expect  the  contribution  to  the  magnetization  of 
Isolated  Ni  atoms  to  be  approximately  proportional  to  c and 
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the  contribution  of  Ni  pairs  to  be  approximately  proportional 
2 

to  c . We  write  the  total  magnetization  as 

2 

M “ Mq  + Mj^c  H-MgC  , (3.8) 

where  is  the  magnetization  of  the  host,  is  proportional 
to  the  magnetization  of  a single  isolated  Ni  atom,  and  H2  is 
proportional  to  the  magnetization  of  an  isolated  pair  of 
interacting  Ni  atoms. 

Rewriting  the  above  equation  as 

(3.9) 

yields  an  equation  linear  in  c.  In  Fig.  44,  we  look  for 
the  above  relation  by  plotting  AM/c  as  a function  of  the 
atomic  percent  Ni  in  the  alloys.  Least  squares  fitting  of 
this  equation  to  the  data  yields  and  various 

fields.  As  can  be  seen  from  the  figure,  the  above  equation 
yields  a good  representation  of  the  data. 

In  a similar  manner,  the  contributions  to  the  sxisceptl- 
bllity  from  the  Isolated  Ni  atoms  and  the  Ni  atom  pairs  can 
be  found  by  writing  the  total  susceptibility  as 

X “ Xo  + Xi<^  + X2^^  » (3.10) 

where  Xq  susceptibility  of  the  host,  Xj  is  proportion- 

al to  the  susceptibility  of  an  Isolated  Ni  atom, and  X2  i® 
proportional  to  the  susceptibility  of  an  Isolated  pair  of 
Interacting  Ni  atoms.  In  Figs.  45  and  46,  we  show  the  fit 
of  this  equation  to  the  data  by  plotting  Ax/c  as  a function 
of  the  atomic  percent  of  Ni  in  the  alloys. 

In  the  above  analysis  the  magnetization  and  susceptibi- 
lity of  each  alloy  host  were  determined  in  the  following  man- 
ner: Although  only  two  host  compositions  (Pdgg  0 

o)  were  measured,  the  fact  that  the  magnetic 

94.0  gg  gQ 

properties  of  these  alloys  ’ are  relatively  Insensitive  to 
the  small  variations  in  Rh  content  that  occurred  in  the  hosts 
(see  table  1)  made  it  easy  to  determine  the  appropriate 
values  to  use  to  represent  any  of  the  hosts . For  the  2 kG 
data,  where  the  differences  between  the  susceptibility  of 
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the  two  measured  hosts  slightly  exceeds  the  estimated  errors, 
we  linearly  interpolated  to  obtain  the  values  for  the  other 
hosts.  For  the  higher  fields,  where  the  measured  differences 
were  insignificant,  we  used  the  more  accurate  measurements  of 
the  Pdg5  0 represent  all  the  hosts. 

In  the  next  three  figures  we  show  the  results  of  the 
analysis.  In  the  upper  half  of  Fig.  47  we  show  the  temper- 
ature dependence  of  the  susceptibility  for  the  isolated  Ni 
atoms,  and  in  the  lower  graph  of  this  figure  we  show  the  tem- 
perature dependence  of  the  reciprocal  of  the  susceptibility 
for  the  isolated  Ni  pairs.  In  contrast  to  the  temperature 
independent  susceptibility  seen  for  the  isolated  Ni  atom,  the 
siisceptibility  of  a Ni  pair  is  seen  to  be  strongly  tempera- 
ture dependent  in  the  measured  range.  The  straight  line 
through  the  data  in  the  lower  graph  shows  that  the  suscepti- 
bility of  a Ni  pair  is  reasonably  well  described  by  Curie- 

Weiss  behavior  (Xo^  proportional  to  T-0)  with  6~-4|K  . The 
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small  magnitude  of  d is  an  indication  of  a local  spin  fluc- 
tuation with  a low  spin  fluctuation  temperature  (see  sec- 
tion 1.12  for  a definition  of  the  spin-fluctuation 
temperature) . In  contrast  to  the  low  spin-fluctuation  tem- 
perature of  a Ni  pair,  the  temperature  independ<'nce  found  for 
the  susceptibility  of  the  isolated  Ni  atoms  indicates  that 
these  atoms  have  a much  higher  spin-fluctuation  temperature. 
In  a later  section  we  will  use  the  resistivity  data  to  deter- 
mine the  spin-fluctuation  temperature  for  both  the  isolated 
Ni  atom  and  the  isolated  Ni  pair. 

In  Fig.  48,  we  show  the  field  dependence  of  the  suscep- 
tibility for  the  isolated  Ni  atoms  (upper  graph)  and  the 
isolated  Ni  pairs  (lower  graph).  The  susceptibility  of  the 
Ni  pair  is  found  to  be  more  field  dependent  than  the  isolated 
Ni  atom.  This  is  consistent  with  our  previous  conclusion 
that  a Ni  pair  has  a lower  spin-fluctuation  temperature. 

Schulz®®  has  extended  the  local  enhancement  model  of 
Lederer  and  Mills  to  include  the  field  dependence  of  the 

(text  continues  on  p.  200) 
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Fig.  44. 

ah  divided  by  the  Ni  concentration  and  plotted  as 
a function  of  the  atomic  percent  of  Ni  in  a series 
of  (PdggRhg)  alloys  at  a temperature  of 

4. 3 K,  where  AH  is  the  change  in  the  magnetization 
as  a result  of  the  addition  of  Ni  to  the  alloy. 

The  magnetic  field  intensity  at  which  the  magnet- 
izations were  measured  is  given  in  the  lower  right 
hand  corner  of  each  plot.  The  straight  line 
through  the  data  is  the  least  square  fit  to  the 
data  after  appropriately  weighting  each  data  point 
according  to  the  estimated  error  in  the  point. 
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Fig.  45. 


Ax  divided  by  the  N1  concentration  and  plotted  as 
a f line t ion  of  the  atomic  percent  of  N1  in  a series 
of  (PdggRhg) alloys  at  temperatures  of  2.1  K, 
4.3  K,  9.5  K,  15.3  K,  and  19.2  K,  where  Ax  is  the 
change  in  the  differential  susceptibility  as  a 
result  of  the  addition  of  Ni  to  the  alloy.  All 
susceptibilities  were  measured  at  2kG.  The 
straight  line  through  the  data  is  the  least  square 
fit  to  the  data  after  appropriately  weighting  each 
data  point  according  to  the  estimated  error  in  the 
point . 
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Fig.  46. 

Ax  divided  by  the  Ni  concentration  and  plotted  as 
a function  of  the  atomic  percent  of  Ni  in  a series 
of  (PdggRhg)  alloys  at  a temperature  of 

4. 3 K,  where  Ax  is  the  change  in  the  differential 
susceptibility  as  a result  of  the  addition  of  Ni 
to  the  alloy.  The  magnetic  field  Intensity  at 
which  the  susceptibilities  were  measured  is  given 
in  the  lower  right  hand  corner  of  each  plot.  The 
straight  line  through  the  data  is  the  least  square 
fit  to  the  data  after  appropriately  weighting  each 
data  point  according  to  the  estimated  error  in  the 
point . 


Fig.  47. 

and  I/X2  ^ function  of  temperature,  where  x 
and  X2  intercept  and  slope  respectively, 

taken  from  the  straight  lines  given  in  Fig.  44. 

Xj^  is  proportional  to  the  susceptibility  of  a 
noninteracting  (isolated)  N1  atom,  and  X2  near 
ly  proportional  (see  text)  to  the  susceptibility 
of  an  isolated  pair  of  interacting  Ni  atoms. 
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Fig.  48. 

and  X2  ^ function  of  the  magnetic  field 
Intensity,  where  Xj^  and  X2  Intercept  and 

slope,  respectively,  taken  from  the  straight  lines 
given  in  Fig.  45.  x^  proportional  to  the 
susceptibility  of  a noninteracting  (Isolated)  Ni 
atom,  and  X2  nearly  proportional  (see  text)  to 
the  susceptibility  of  an  isolated  pair  of  inter-  • 
acting  Nl  atoms.  The  curves  through  the  data  are 
a fit  of  the  Schulz^^  model  to  the  data. 
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Fig.  49. 

and  M2  as  a function  of  the  magnetic  field 
intensity,  where  and  M2  are  the  intercept  and 
slope,  respectively,  taken  from  the  straight  lines 
given  in  Fig.  46.  is  proportional  to  the 

magnetization  of  a noninteracting  (isolated)  N1 
atom,  and  M2  is  nearly  proportional  (see  text)  to 
the  magnetization  of  an  isolated  pair  of  inter- 
acting N1  atoms.  See  text  for  discussion  of 
curves  through  the  data. 


local  enhancement  parameters.  He  finds  that  the  field  depen- 
dence of  the  susceptibility  associated  with  the  local 

61,60 

enhancement  is  of  the  form 

- f(H/Hg)  - (1+3t2)-1  , (3.11) 

3 

where  r+T  -H/H  and  H (the  characteristic  field  of  the 
s s 

local  spin  fluctuation)  is  a parameter  which  depends  on  the 

enhancement  and  on  the  band  structure.  The  stronger  the 

local  enhancement  the  smaller  the  characteristic  field.  When 

H-2H_  the  local  susceptibility  is  predicted  to  be  i as  large 

as  the  initial  susceptibility,  i.e.,  Ax(2H  ) - ^Ax(O) . 

The  curves  through  the  data  are  a fit  of  Eq.  3.11  to  the 

data.  The  characteristic-field  parameters  obtained  from  the 

fits  are  - (225±25)kG  and  - (35±5)kG  for  x^  and  X2» 

respectively.  Both  curves  are  in  reasonably  good  agreement 

with  the  data;  however  at  high  field  (H»H  ) the  prediction 

s 

of  the  model  is  somewhat  higher  than  the  data.  Further  dis- 
cussion of  the  data  and  the  Schulz  model  is  given  in  Sect.  3.9, 
In  Fig.  49,  we  show  the  field  dependence  of  the  magnet- 
ization for  the  Isolated  Ni  atoms  (upper  graph)  and  the  iso- 
lated Ni  pairs  (lower  graph).  As  one  would  expect  from  the 
small  field  dependence  of  X]^>  magnetization  of  an  Isolated 
Ni  atom  is  found  to  vary  nearly  linearly  with  field.  The  field 
dependence  shown  by  the  curve  through  the  data  was  obtained 
by  integrating  Eq.  3.11  with  the  values  of  the  parameters 
given  by  the  fit  to  the  Xj^  data.  In  contrast  to  this  nearly- 
llnear  field  dependence  of  the  Isolated  Ni  atom,  the  Ni  pair 
is  found  to  exhibit  a highly  nonlinear  field  dependence,  some- 
what suggestive  of  local  moment  behavior. 

Such  a behavior  is  not  totally  unexpected  since  it  has 
62 

been  suggested  that  at  high  fields  local  moment  behavior 
will  be  found.  Furthermore,  the  fact  that  the  Ni  pairs  dis- 
play nearly  a Curie  behavior  at  2kG  (see  Fig.  47)  suggests 
that  they  are  very  close  to  forming  a local  moment.  Thus,  we 

try  to  fit  the  M«  data  with  the  following  function  for  the 
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magnetization  of  a local  moment  : 
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- jN2gSM.gBg(x)  , 

where  (3.12) 

X - gSg.gH/kgT  , 

where  JN2  is  the  number  of  N1  pairs  per  gram,  g is  the  Lande' 
g factor,  S is  the  effective  spin,  is  the  Bohr  magneton, 
Bg(x)  is  the  Brillouin  function,  and 
stant . 

In  fitting  the  data  we  use  Eq.  3.7b  for  N2  snd  take  g~2. 
The  fitting  parameters  are  then  S and  n.  We  start  by  choos- 
ing 2500  emu/g  for  the  saturation  value  of  M2.  Thus, 

N. 

y-nS»i«“  2500  , or  nS  • 47.  (3.13a) 

M 

Since  S will  be  largest  at  saturation,  this  eqtiation  sets  an 
upper  limit  on  S.  A similar  expression  which  sets  a lower 
limit  on  S can  be  found  by  expanding  Bg(x)  in  Eq.  3.12  to 
first  order  In  x and  by  evaluating  the  expression  for  M2  at 
H-2kGand  at  T-4.3K.  Then, 

2N.nS(S+l)nJ 

^ - 0.34  , or  nS(S+l)  - 140.  (3.13b) 

Combining  Eqs.  3.13a  and  3.13b  yields  S>2  and  n<24.  For  a N1 
atom  to  be  Isolated,  at  least  the  nearest  neighbors  must  all 
be  host  atoms;  thus  for  face  centered  cubic  systems,  such  as 
we  have  here,  n>12.  So  finally, 

S - 2i±i  ; n - 18±6  . (3.14) 

It  is  of  interest  to  note  that  since  there  are  a total 
of  18  nearest  and  next-nearest  neighbors  In  a f.c.c.  system, 
n-^lS  implies  that  the  two  Ni  atoms  interact  to  form  a coupled 
pair  If  they  are  either  nearest  or  next-nearest  neighbors. 

For  the  Interaction  to  extend  to  thlrd-nearest  neighboz^ 
requires  n-42. 

In  the  lower  half  of  Fig.  49,  we  show  the  fit  to  the 
data  for  S-2  and  S-3.  We  find  that  S-2^  and  n-18  give 
the  best  fit  to  the  data  and  that  the  fit  is  reasonably  good. 
However,  before  we  can  say  the  model  is  consistent  with  the 


ICq  Is  Boltzmann's  con- 
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data,  we  must  first  show  that  the  results  of  the  model  are 
consistent  with  the  assumptions  and  approximations  that  were 
made . 

The  result  (that  the  values  S-2J  and  n-18  are  to  be 
associated  with  the  magnetic  prxipertles  of  an  Isolated  pair 
of  interacting  N1  atoms)  Is  based  on  M2  being  directly 
related  to  the  magnetization  of  the  N1  pair.  We  had  expected 
contributions  to  M2  from  the  host  and  from  the  noninteracting 
N1  atoms  to  be  small,  and  therefore  we  had  neglected  these 
contributions.  Using  n>-18,  we  have  calculated  the  contribu- 
tions to  M2  from  these  two  sources,  and  we  find  these  contri- 
butions to  be  small  but  not  negligible.  We  now  correct  for 
these  omissions. 

Since  the  calculated  results  for  the  magnetization  of 
the  Ni  pairs  and  the  values  of  S and  n are  interdependent, 
they  must  be  deterained  self-conslstently.  We  start  by  writ- 
ing the  total  magnetization  as 

M - NqMq  - hNj^Mq  - ariN2MQ  + N^mJ^  + iN2M2  , (3.15) 

/ / / 

where  M^,  M^,  and  M2  are  the  average  magnetizations  associ- 
ated with  a hoF'c  atom,  with  a noninteracting  Ni  atom,  and 
with  an  isolated  pair  of  interacting  Ni  atoms,  respectively; 
n'  is  the  number  of  host  atoms  that  are  coupled  to  a noninter- 
acting Ni  atom,  ai/  is  the  number  of  host  atoms  that  are 
coupled  to  each  Ni  atom  in  the  Ni  pair  (§<a<l) , is  the 

number  of  atoms  in  a gram  of  host  material,  and  and  N2  are^ 

as  before,  the  number  of  noninteracting  Ni  atoms  in  a gram  of 
alloy  and  the  number  of  Ni  pairs  in  a gram  of  alloy,  respec- 
tively. The  separate  terms  in  this  equation  have  the  follow- 
ing significance:  The  first  term  is  the  magnetization  of  the 
host  before  the  Ni  addition.  The  second  term  is  the  magnet- 
ization that  would  have  been  associated  with  the  host  if  the 
host  atoms  which  are  now  coupled  with  the  isolated  Ni  atom 
had  not  interacted  with  the  Ni.  The  third  term  is  the  result 
of  host  atoms  being  coupled  to  the  Ni  pairs.  The  fourth  term 
is  the  magnetization  of  the  noninteracting  Ni  atoms  and  their 
coupled  host  atoms.  The  last  term  is  the  magnetization  of 
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the  N1  pairs  and  their  coupled  host  atoms. 

In  writing  this  equation  we  have  neglected  any  contri- 
bution to  the  magnetization  from  clusters  of  three  or  more 
mutually  interacting  Ni  atoms  since  the  data  for  alloys  with 

3 

^1%N1  showed  no  evidence  of  any  c dependence  (see  Fig.  44 
through  Fig.  46).  Pttrthermore,  using  the  model,  we  calcu- 
late that  <1%  of  the  Nl  atoms  are  in  these  clusters,  and  we 
would  therefore  expect  their  contribution  to  the  magnetlza-  j 

tion  to  be  small.  We  have  also  neglected  the  reduction  in  | 

the  number  of  host  atoms  that  occurs  as  a result  of  substitu-  i 

tion  of  Ni  atoms  for  host  atoms,  but  this  effect  is  small  | 

compared  to  the  effect  of  coupling  host  atoms  to  Ni  atoms.  ! 

By  expanding  N^  (given  by  £q.  3.4)  and  N2  (given  by  | 

Eq.  3.5),  collecting  terms  in  c and  c^,  and  then  by  comparing  I 

the  result  with  Eq.  3.8,  we  find  i 


and 


^(Mi+nMo)  , 

2W 

^ tMj  -mMi  - n2llo(2-a)  ) . 


(3.16) 

(3.17) 


In  these  equations  we  have  taken  n«n,  which  corresponds  to 
taking  the  range  of  interaction  between  the  Ni  atom  and  the 
host  atoms  to  be  the  same  as  that  of  the  Nl-Ni  interaction. 

(One  would  not  expect  the  range  of  Ni-host  Interaction  to  be 

any  greater  than  that  of  the  Ni-Ni  interaction,  and  it  also 

cannot  be  much  smaller  and  still  be  consistent  with  the  large  | 

moment  found  for  the  Nl  pair) . 

We  can  now  fit  Eq.  3.17  to  the  data  for  H^,  H^,  and  H2 
(given  in  Figs.  17  and  49)  and  self-consistently  find 
S,  and  n.  We  take  a~};  however,  any  value  in  the  allowed 
range  (|<a<l)  would  have  yielded  essentially  the  same 
results.  The  self-consistent  analysis  yields  a best  fit  to 
the  da^a  with 


S - 2 * J;  n - 30  ±12  , 


(3.18) 
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where  the  uncertainties  in  these  two  parameters  are  not  to  be 
taken  independently  but  such  that 
nS  « 60  ± 5 . 

Since  to  within  the  accuracy  of  the  data  is  found  to  be 
directly  proportional  to  M2  (shown  in  Fig.  49),  we  will  not 
plot  H2  but  note  that 

- (8/N^)M2  (3.19) 

and  is  slightly  less  curved  than  M2. 

Having  self-consistently  found  n,  we  can  evaluate  M^, 
and  X2»  where  X^  Is  the  susceptibility  of  an  isolated  Ni 
atom  and  X2  the  susceptibility  of  an  isolated  pair  of  inter- 
acting Ni  atoms.  The  relation  between  M^  and  the  data  is 
given  in  Eq.  3.16.  Differentiating  M^  and  M^  (Eqs.  3.16  and 
3.17)  with  respect  to  H yields  the  relations 


n7  ( 


(3.20) 


^ fX2  + nXi-n  Xo<2-a)  } 


(3.21) 


where  the  data  for  x's  are  given  in  Figs.  40,  47,  and  48. 

To  within  the  accuracy  of  the  4.2  K data,  M^,  X][>  and  X2 
found  to  be  directly  proportional  to  Mj^,  Xj^»  and  X2>  respec- 
tively, and  we  can  therefore  express  the  results  as  follows: 
m'  - (150/N.)M,  , (3.22) 


(150/N^)M^ 

(150/N^)Xi 


(3.23) 


(8/N^)X2 


(3.24) 


In  the  last  equation  the  sign  is  used  because, 
although  X2  is  proportional  to  X2  to  within  the  accuracy  of 
the  data,  the  best  fit  to  the  data  yielded  a X2  which  at  the 
higher  fields  did  not  decrease  with  field  quite  as  rapidly  as 

Xo  and  thereby  displays  a field  dependence  closer  to  that 

“ 60 
predicted  by  Schulz  than  does  X2' 
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(3.25) 


Lastly,  we  note  that  at  2 kG 
y'  - 

^2  T-0  ’ 

where  C - ~5xlo”^^  emu-K  and  6 - -5j±l K . 

Up  to  this  point  we  have  been  discussing  those  alloys 

with  ^1  at%Nl,  where  the  above  model  Is  likely  to  be  valid. 

At  higher  concentrations,  the  clxisters  of  three  Interacting 
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[ Ni  atoms,  which  most  likely  form  local  moments  , can  no 

longer  be  neglected,  and  as  the  critical  concentration  Is 
approached  at  least  one  of  two  effects  must  occur  in  order  to 
form  the  ferromagnetic  phase:  1)  the  host  becomes  increas- 
ingly enhanced,  2)  the  interaction  between  Nl  clusters 
becomes  Important.  Since  these  effects  are  not  Included  In 
the  model,  we  do  not  necessarily  expect  the  model  to  be 
applicable  In  this  concentration  range.  However,  there  Is 
indirect  evidence  from  the  data  on  the  alloys  with  >1  at%  Ni 
that  the  main  features  of  the  model  are  still  applicable. 

First,  the  effective  spin  which  we  found  to  be  associated 
with  the  Ni  pairs  in  those  alloys  with  ^1  at%  Ni  appears  also 
to  be  associated  with  the  Nl  pairs  in  those  alloys  Jvist  above 
the  critical  concentration.  To  see  this,  we  note,  as  was 
pointed  out  earlier,  that  the  increase  In  the  magnetization 
that  occurs  with  the  addition  of  Ni  in  the 
system  is  nearly  equal  to  the  increase  that  occurs  in  the 
Pdj^_^Ni^  system-provided  one  compares  samples  which  have  the 
same  ratio  of  Ni  concentration  to  critical  concentration. 
Consequently,  we  expect  that  those  results  which  are  concerned 
with  the  magnetic  properties  of  near  the  critical  con- 

centration will  also  apply  to  the  (P^^gs^^S^ 

One  such  set  of  results  is  the  data  from  a neutron-scattering 
experiment  on  ferromagnetic  Pd.  _Ni  alloys  containing  3 to 

I 55  * 

f 5 at%Ni.  The  data  were  found  to  be  consistent  with  a 

magnetization  which  is  largely  the  result®^  of  the  ferro- 
magnetic ordering  of  Ni  pairs  with  a moment  of  4. 6^1. 6 iXq 
(the  isolated  Ni  atoms  are  not  significantly  ordered).  This 
number  is  in  excellent  agreement  with  the  5±1  jig  which  we  find 
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to  be  associated  with  the  Ni  pair  in  the  (Pd-j-Rh-),  Ni 

alloys  at  the  lower  Ni  concentrations . 

Second,  the  parameters  (S~2  and  n~30)  found  for  the  low 

Ni  concentration  alloys  yield  a reasonable  result  for  the 

saturation  magnetization  at  the  highest  Ni  concentration 

measured.  For  example,  if  we  assume  that  for  the  3 at%  Ni 

sample  the  Ni  pairs  and  higher  order  clusters  are  saturated 

at  a temperature  of  2 K (which  is  reasonable  considering  the 

sample  has  a Curie  temperature  of  ~25  K) , then  from  the  model 

the  saturation  magnetization  is  predicted  to  be  ~2emu/g. 

This  nximber  is  in  good  agreement  with  the  H ~3  emu/g  foiind 

s 

for  this  sample  (see  Fig.  39)  considering  we  have  not 
Included  contributions  to  M from  band  splitting  or  from  an 

S 

Internal  field  acting  on  the  Isolated  Ni  atoms. 

Lastly,  the  large  amount  of  Arrott  plot  ciirvature  found 

for  the  magnetization  data  near  the  critical  concentration 

and  the  broad  peaks  found  for  the  susceptibility  data  near 

the  critical  concentration  suggest  that  more  than  one  type  of 

magnetic  center  is  contributing  to  the  magnetization.  This 

statement  is  based  on  the  following  considerations.  We 

pointed  out  in  Sect.  3.2  that,  because  of  the  high  curvature 

of  the  magnetization  data  when  plotted  on  a Arrott  plot,  a 

successful  model  for  the  magnetization  of  these  alloys  could 

2 

not  neglect  the  7 M term  in  the  Landau  equation  (Eq.  3.1). 

There  are  two  models  which  solve  the  Landau  equation  with  a 
2 

7 M term  Included  and  which  yield  results  that  are  in  quali- 
tative agreement  with  the  data:  a lattice  model®"* and  a 
66  67 

CPA  model  ’ . Each  model  assumes  that  only  one  type  of 

magnetic  center  is  associated  with  the  Ni  atoms.  In  the 
lattice  model  this  magnetic  center  is  associated  with  Ni  atom 
pairs, and  the  pairs  are  assxmed  to  form  a regular  lattice 
with  a lattice  constant  determined  by  the  concentration  of 
tbA  pairs.  .The  host  and  the  other  Ni  atoms  are  assumed  to 
form  a uniform  magnetic  background.  In  the  CPA  model  this 
magnetic  center  is  associated  with  each  Ni  atom,  and  the  Ni 
atoms  are  asstuaed  to  be  randomly  distributed  throughout  the 
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lattice.  Both  of  these  models  show  some  of  the  Arrott  plot 
curvature  that  is  necessary  to  fit  the  data,  but  In  both 
models  the  low  field  siisceptibillty  peaks  too  sharply  to  fit 
the  data,  i.e.  the  half  width  at  half  maximiim  is  too  small  to 
fit  the  data  (see  curves  in  Figs.  3 and  5 of  Ref.  66  and  data 
given  in  Fig.  43  of  this  report) . However,  neither  model  treats 
the  case  of  a distribution  of  cluster  sizes  as  proposed  in 
the  beginning  of  this  section.  Such  a distribution  would 
greatly  Increase  the  magnetic  inhomogeneity  and  consequently 
would  yield  broader  susceptibility  peaks  in  closer  agreeement 
with  the  data. 

In  conclusion,  we  find  that  for  (PdggRhg)  alloys 

with  N1  concentration  of  ^1  at%  the  magnetization  data  are 
consistent  with  a model  which  describes  the  local  spin  fluc- 
tuations in  these  alloys  as  centered  around  either  an  Isolated 
N1  atom  or  around  an  Isolated  pair  of  interacting  N1  atoms. 
The  Isolated  Ni  atoms  exhibit  (1)  a magnetization  which 
varies  nearly  linearly  with  field  up  to  at  least  56  kG  and 
(2)  a susceptibility  which  is  temperature  independent  up  to 
at  least  20 K.  In  contrast,  the  behavior  exhibited  by  the  Nl 
pair  is  nearly  that  of  a local  moment.  Using  a local  moment 
model  to  fit  the  magnetization  of  a Nl  pair,  we  find  the  pair 
to  have  an  effective  spin  of  S-2±^  (which  corresponds  to  a 
moment  of  5:fcl  . We  find  that  two  Nl  atoms  will  interact 
to  form  a coupled  pair  if  they  are  either  nearest  or  next- 
nearest  neighbors.  Above  1 at%Ni,we  find  the  data  to  be 
consistent  with  the  following  generalizations:  As  the  Nl 
concentration  increases  from  1 to  3 at%Nl,  the  concentration 
of  the  Isolated  Nl  atoms  levels  off  while  the  concentration 
of  the  Ni  pairs  rapidly  increases,  but  in  this  concentration 
range  the  number  of  isolated  Nl  atoms  always  exceeds  the 
nximber  of  Ni  pairs.  At  the  critical  concentration  (~1.9  at% 
Ni)  the  Interaction  between  the  Ni  pairs  and  the  higher  order 
clusters  becomes  significant  and  ferromagnetic  alignment 
begins.  At  roughly  2^  at%Nl,  the  moments  on  the  interacting 
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N1  atoms  are  fully  ordered  at  4 K.  And  finally,  even  though 
at  the  highest  N1  concentrations  the  isolated  N1  atoms  are 
polarized  by  the  internal  field,  they  are  far  from  being 
saturated  at  4 K. 
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B.  Resistivlt 


In  the  first  part  of  this  chapter  we  showed  that  the 
magnetization  data  of  the  (Pd-.Rhe)-,  Ni  alloys  are  con- 
sistent  with  a model  which  divided  the  magnetization  of  each 
alloy  into  three  contributions:  (1)  the  magnetization  of  the 
host,  (2)  the  magnetization  associated  with  the  noninteract- 
ing Ni  atoms,  and  (3)  the  magnetization  associated  with 
interacting  Ni  atoms.  In  the  following  three  sections  of 
this  chapter  we  will  present  the  electrical  resistivity  data 
(Sect.  3.5),  extract  the  local  spin-fluctuation  resistivity 
» (Sect.  3.6),  and  check  for  consistency  with  the  magnetization 

^ results  (Sect.  3.7). 

3.5  Total  Resistivity 

In  this  section  all  of  the  electrical  resistivity  meas- 
urements taken  on  the  presented. 

In  Fig.  50,  we  show  the  resistivity  (p)  of  the  Pdgg  0*^5  0 
alloy  over  the  complete  temperat\ire  range  of  the  measurements. 
The  resistivity  data  are  shown  by  a solid  line  instead  of 
point  by  point  because  the  high  precision  (see  Sect.  2.4)  of 
the  data  results  in  a scatter  which  is  far  less  than  the  line 
width.  On  this  scale  the  resistivity  looks  very  typical — a 
high  residual  resistivity  because  of  the  disordered  nature  of 
the  alloy  and  possibly  a Bloch-Grunelsen  temperature  depend- 
I ence  from  electron-phonon  scattering.  However,  as  we  will 

\ see  later,  a detailed  look  at  the  data  reveals  a much  more 

f 

I complex  behavior. 

We  have  also  measured  two  other  samples  over  this  same 

temperature  range:  (PdgsRVBB.S^^O.  1 ^^"^95^5^99.8^^0.2* 

i These  data  will  not  be  shown  over  the  entire  temperature 

^ range  since  they  differed  from  the  resistivity  just  shown  by 

I little  more  than  the  line  width. 

I In  order  to  show  the  temperature  dependence  of  the  data 

more  clearly,  we  will  subtract  the  residual  resistivity  (p^) 

I from  each  data  set.  The  resldvial  resistivities  have  been 

(text  continues  on  p.  220) 
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Fig.  50. 

Total  resistivity  as  a function  of  temperature  for 

'’Ss.o^'s.o 
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Fig.  51. 

Residual  resistivity  as  a function  of  atomic 
percent  of  Ni  in  Pd^  „Rh  alloys.  Data  are  taken 
from  the  preseAt  investigation  and  from  Refs.  68t 
and  69.  The  dashed  curve  suggest  concentration 
dependence . 
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Fig.  52. 

Total  resistivity  minus  residual  resistivity 
plotted  as  a function  of  the  temperature  for  a 
series  of  (Pdg^Rhg) alloys.  Smooth  curves 
are  drawn  through  the  data.  The  atomic  percent  of 
Ni  in  each  alloy  labels  the  appropriate  curve. 
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Fig.  53. 


Total  resistivity  minvis  residual  resistivity 
plotted  as  a function  of  the  temperature  for  a 
• series  of  (^<195^^5)  Smooth  curves 

are  drawn  through  the  data.  The  atomic  percent  of 
Ni  in  each  alloy  labels  the  appropriate  curve. 
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Fig. 
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54. 

Total  resistivity  minus  residual  resistivity 
plotted  as  a function  of  the  temperature  for  a 
series  of  (^<^95*^5)  Smooth  curves 

are  drawn  through  the  data.  The  atomic  percent  of 
N1  in  each  alloy  labels  the  appropriate  curve. 
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given  previously  in  Fig.  12.  In  Fig.  51,  we  compare 

found  for  the  two  host  alloys  with  the  residual  resistivities 

08  00 

found  by  other  investigators  ’ working  with  the  Pd^  Rh 
system.  We  find  our  data  to  be  in  good  agreement  with  the 
results  of  these  investigators.  In  the  remaining  three 
figures  in  this  section  (Figs.  52  through  54),  we  show 
the  temperature  dependent  part  of  the  resistivity  (Ap)  for 
all  the  alloys. 

The  general  features  of  the  data  can  be  listed  as  fol- 
lows: (1)  The  residual  resistivity  changes  faster  with  the 

addition  of  Rh  than  with  the  addition  of  Ni.  (2)  The  opposite 
is  true  for  the  temperature  dependent  part  of  the  resistivity: 
Ap  changes  faster  with  the  addition  of  Ni  than  with  the  addi- 
tion of  Rh.  (3)  The  resistivity  of  tlve  Ni-free  alloys  exhib- 
its a clear  minimum  at  ~8K.  (4)  The  differences  in  Ap  for 

the  two  Ni-free  alloys  are  for  the  most  part  within  the  scat- 
ter of  the  data.  (5)  At  low  temperatures  Ap  peaks  at  a con- 
centration which  is  close  to  the  critical  concentration  for 
the  onset  of  ferromagnetism  for  the  (PdQcRhe)i  ^Ni^  system. 

Some  of  these  features  are  easily  understood,  others 
require  further  analysis  for  understanding,  and  some  are  not 

fully  understood.  The  first  feature  is  easily  understood  on 

22 

the  basis  of  the  Friedel  svun  rule  . In  Sect.  1.13,  we 
showed  that  this  rule  implied  that  the  increase  in  resistivity 
with  the  addition  of  an  impurity  would  be  a function  of  Z, 

2 

Pj  = Pjj^csin  ’ (3.26) 

(see  Eq.  1.183  for  the  case  of  S-0)  where  Z is  the  nvimber  of 
conduction  electrons  associated  with  an  impurity  site  minxis 
the  number  of  conduction  electrons  associated  with  a host 
site.  Since  Ni  is  Isoelectronlc  with  respect  to  Pd,  and 
since  Rh  has  one  less  electron  than  Pd,  one  would  expect  ZM) 
for  Ni  additions  and  Z^l  for  Rh  additions  to  PdggRhg.  Thus, 
one  would  expect  the  residual  resistivity  to  increase  faster 
with  Rh  additions. 
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The  second  feature  Is  most  likely  a result  of  a large 
local  exchange  enhancement  being  associated  with  the  Ni  atoms 
and  not  with  the  host  atoms.  However,  further  analysis  will 
be  required  to  show  that  this  change  in  resistivity  is, 
indeed,  associated  with  the  conduction  electrons  scattering 
from  local  spin  fluctuations. 

The  third  feature  is  not  well  understood.  Resistivity 
minima  in  the  Pd,  „Rb  alloys  were  first  discovered  by  Row- 

CO  i.*X  X 

land  et  al.  . At  that  time  they  attributed  the  minima  to 
temperature  dependent  modifications  of  the  inter-band  s-d 
scattering.  Using  electronic  specific  heat  data  to  determine 
the  shape  of  the  density  of  states  at  the  Fermi  level  of 

70 

these  alloys,  they  were  able  to  show  that  a rigid  band  model 
yielded  a negative  T^  coefficient  in  the  electrical 
resistivity  which  was  in  close  agreement  with  experiment.  How- 
ever, the  vise  of  the  rigid  band  model  and  the  neglect  of 
exchange-enhancement  effects  makes  the  calculation  suspect 
since  the  rigid  band  model  frequently  gives  incorrect  results 
and  exchange-enhancement  effects  are  expected  to  be  signifi- 
cant. On  the  other  hand,  other  possible  explanations  have 

been  considered  and  have  been  fotind  to  be  less  likely: 

71 

(1)  Greig  and  Rowlands  have  discussed  the  possibility  that 
the  Rh  atoms  are  displaying  the  behavior  of  a spin -compensated 
local  moment  at  a temperature  far  below  the  Hondo  temperature, 
but  they  find  there  is  little  evidence  to  support  such  a view. 

(2)  Although  spin  fluctuations  could  result  in  a resistivity 
minimum  provided  5/2  < Z < 15/2  (see  Eq.  1.183  and  discussion 
in  Sect.  1.13),  this  is  not  the  case  for  Rh  in  Pd^ 

fact,  because  of  the  low  value  of  Z for  this  system,  one  would 

expect  spin  f luctviations  around  the  Rh  atoms  to  increase,  not 

decrease,  the  T^  coefficient.  (3)  It  was  suggested®®  that  a 

2 

possible  reason  for  the  absence  of  a T term  arising  from  spin 
fluctuations  may  be  that  the  large  amount  of  potential  scat- 
tering resulting  from  the  presence  of  the  Rh  dampens  the  spin 

2 

f luctxiatlons  and  thereby  reduces  the  magnitude  of  the  T 

72 

contribution  from  the  spin  fluctuations.  We  have  calculated 
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the  effect  of  the  potential  scattering  on  the  magnitude  of 

the  coefficient,  and,  contrary  to  what  may  have  generally 

been  presumed,  we  find  that  potential  scattering  Increases 
2 

the  T coefficient.  In  the  case  of  PdggRhg  we  find  this 
increase  to  be  small  (~2%) . 

Since  a magnetic  effect  (spin-compensated  local  moment 

or  local  spin  fluctuations)  does  not  seem  to  be  the  likely 

cause  of  the  minimum,  we  return  to  the  band  effect  (a  decrease 

in  s-d  inter-band  scattering  with  increasing  temperature) 

68 

that  Rowland  et  al.  have  suggested  as  the  cavise  of  the 
min1m\im.  There  are  several  conditions  that  are  necessary  for 
this  effect  to  be  a viable  explanation:  (1)  A sufficient 
amount. of  electron  scattering  must  be  present  so  that  scat- 
tering of  the  s-band  conduction  electrons  into  the  d band 
yields  a significant  contribution  to  the  resistivity. 

(2)  The  thermal  broadening  of  the  Fermi  level  must  result  in 
a decrease  in  the  density  of  states  at  the  Fermi  level  of  the 
d band  so  that  a decrease  in  residual  resistivity  will  occur. 

(3)  Lastly,  the  density  of  states  at  the  Fermi  level  of  the 

d band  should  be  much  greater  than  that  of  the  s band  so  that 

the  temperature  dependent  effect  has  a greater  chance  of 

being  observed.  Although  all  these  conditions  are  thought  to 
71 

exist  in  the  Pd^  Rh  system,  there  does  not  exist  a 
reliable  calculation  of  the  magnitude  of  the  effect.  To  do 
such  a calculation  one  would  have  to  consider  scattering 
processes  of  the  form: 
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where  a conduction  electron  scatters  from  an  Impurity  atom 
(potential  scattering)  Into  a d state  where  It  Interacts  via 
the  Intra-atomic  Coulomb  Interactions  with  spin-fluctuations 
In  the  d band  before  again  scattering  from  an  Impurity  atom 
back  Into  the  s band.  On  the  other  hand,  there  Is  additional 
experimental  evidence  that  this  s-d  scattering  may  be  the 

cause  of  the  minimum . In  such  diverse  alloys  as  Pd-Rh.  Pd-Ru . 

71 

Pd-Cr . Pd-Pt . and  Pd-Ag . It  Is  found  that  at  low  tempera- 
ture the  resistivity  Is  described  by 

p(T)  p(0)Cl-(T/T*)^}  , (3.27) 

where  T Is  between  200  Sand  500  K In  each  of  these  cases. 

This  Is  qualitatively  the  type  of  behavior  one  would  expect 

from  s-d  scattering  In  these  systems,  and  the  large  value  of 
* 71 

T Is  suggestive  of  a band  structure  effect  rather  than  a 
local  magnetic  effect.  The  first  three  of  these  alloys 
exhibit  resistivity  minima  at  low  temperatures  and  for  dilute 
solutes  because  of  the  high  residual  resistivities  In  these 
alloys,  whereas  the  last  two  alloys  fall  to  exhibit  minima 
because  the  residual  resistivities  In  these  alloys  are  too 
small  for  this  effect  to  compensate  for  the  large. T^  term 
from  spin-fluctuation  scattering. 

The  fourth  feature  of  the  data  Is  that  the  temperature 
dependent  contribution  to  the  resistivity  (Ap)  Is^  to  within 
experimental  error,  Identical  for  the  two  Nl-free  alloys. 

This  Is  understandable  for  the  following  reasons:  (1)  The 
phonon  spectra  for  the  varlovis  Pd-Rh  alloys  would  be  expected 
to  be  very  similar  because  of  the  small  mass  difference  and 
Identical  structure.  (2)  Since  little  difference  was  found 
between  the  susceptibilities  of  these  two  alloys,  differences 
In  the  spin-fluctuation  contribution  would  be  expected  to  be 
small.  (3)  The  largest  difference  In  Ap  for  these  two  alloys 
should  be  from  the  effect  which  gives  rise  to  the  resistivity 
minimum.  Using  Eq.  3.27  and  the  p(0)  of  the  two  Nl-freo  alloys 
(Fig.  12),  we  estimate  that  this  effect  will  change  Ap  by  <5%, 
and  Is  therefore  less  than  the  scatter  In  the  data. 

223 


J 


r 


The  last  feature  (the  peaking  of  Ap  for  a concentration 
near  the  critical  concentration)  can  be  explained  on  the 
basis  of  the  spin-fluctuations  being  greatest  In  those  alloys 
whose  composition  is  close  to  that  of  the  critical  composi- 
tion. Electron  scattering  from  the  spin-fluctuations 
Increases  until  the  alloy  becomes  ferromagnetic  and  the  spin- 

fluctuations  are  reduced.  In  the  next  section,  we  will  take 

a closer  look  at  this  feature  along  with  other  aspects  of  the 
spin-fluctuation  resistivity. 

3.6  Contribution  from  the  N1  Addition 

In  this  section,  we  obtain  the  contribution  to  the  tem- 
perature dependent  part  of  the  resistivity  caused  by  the 
addition  of  Ni  to  the  (PdggRhg) alloys, 

Pj  = <P“Po^ alloy  “ host  ' (3.28) 

where  the  data  for  Apsp-p^  of  the  alloys  and  host  are  given  in 

the  previous  section.  The  Pj  data  obtained  from  the  above 
subtraction  are  shown  in  Figs.  55  through  59. 

The  total  Pj  contribution  is  expected  to  be  the  result 
of  the  additional  spin-dependent  scattering  processes 
(electron-paramagnon  or  electron-magnon)  that  occurs  because 
of  the  addition  of  Ni.  In  other  words,  the  contribution  to 
the  temperature  dependent  part  of  the  resistivity  from  the 
spin-independent  scattering  is  expected  to  remain  unchanged 
by  the  addition  of  Ni  (i.e.  Matthiessen's  rule  holds  for  the 
spin-independent  contribution) . The  reasons  for  these 
expectations  are  as  follows:  First,  the  amount  of  Ni  in  the 
alloys  is  small  (£3at%),and  the  measured  temperatures  are  low 
(^20  K).  Second,  changes  in  the  average  mass  upon  alloying  are 
known^^  to  produce  only  very  small  deviations  from  Matthies- 
sen's rule  (<l%of  p^  is  estimated  to  be  from  this  source  in 
the  worst  case,  the  3 at%  Ni  alloy).  Third,  the  major  source 
of  deviations  from  Matthiessen's  rule  is  generally  recog- 
nized”^^ to  arise  from  the  changes  in  the  electronic  distri- 
bution function.  This  change  can  easily  occur  if  the 
dominant  scattering  mechanism  is  different  in  the  two  alloys 
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(see  discussion  in  first  part  of  Sect.  1.11).  In  the  present 
case,  the  scattering  mechanisms  found  in  the  host  are  still 
the  dominant  ones  in  the  Ni-containing  alloys  (compare 

^^'^^host  ^^'^^alloy'^^’^^host^-  lastly,  the  largest 

source  of  a deviation  from  Matthiessen's  rule  for  spin- 
independent  processes  in  these  alloys  is  probably  from  chang- 
ing the  amount  of  s-d  scattering  (see  discussion  in  the 
previous  section  of  the  cause  of  the  resistivity  minimum) . 
However,  because  of  the  small  differences  in  the  residual 
resistivities  of  these  alloys  (see  Fig.  12),  one  finds,  from 
Eq.  3.27,  that  this  too  is  a negligible  effect. 

The  curves  through  the  data  are  a least  squares  fit  of 
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the  local  enhancement  model  of  Kaiser  and  Doniach  (discussed 
in  detail  in  Sect.  1.12)  to  the  data.  The  data  were  appro- 
priately weighted  to  take  into  account  the  higher  precision 
of  the  data  below  4.2 K (see  discussion  in  Sect.  2.4).  The 
procedure  used  to  fit  the  data  is  presented  in  appendix  A, 
and  discussion  of  the  method  used  to  evaluate  the  Kaiser- 
Ooniach  Integral  (Eq.  1.171)  for  the  spin-fluctuation  resis- 
tivity is  given  in  appendix  B.  This  two-parameter  resistiv- 
ity function  has  been  shown  previously  in  Fig.  6. 

The  Kaiser-Doniach  function  yields  an  excellent  fit  to 

the  Pj  data  of  all  the  alloys.  However,  one  would  expect  a 

single  particle  model,  such  as  this,  to  be  applicable  only  to 

the  more  dilute  alloys.  Furthermore,  the  Kaiser-Doniach 

model  is  not  the  only  model  which  is  in  good  agreement  with 

the  data.  Both  the  local  enhancement  model  of  Rlvier  and 
44 

Zlatlc  and  a phenomenological  function  which  has  been  used 
19 

to  describe  local  spin  fluctuations  yield  equally  good  fits 
to  the  Pj  data  of  the  more  dilute  Ni  alloys.  (The  Rivier  and 
Zlatlc  model  was  discussed  in  Sect.  1.13,  and  the  spin- 
fluctuation  resistivity  predicted  by  this  model  was  given  in 
Eq.  1.188  and  was  shown  in  Fig.  8.  The  phenomenological 
function  has  been  given  in  Eq.  1.191  and  shown  in  Fig.  9 
along  with  both  the  Kaiser-Doniach  and  Rivier-Zlatic 
predictions . ) 


225 


(text  continues  on  p.  236) 


1 


i 


i 

I 

I 

1 

j 

! 

■i 

) 

Fig.  55.  I 

! 

The  contribution  to  the  temperature  dependent  part 

of  the  electrical  resistivity  from  the  addition  of  ! 

Ni  to  a series  of  (Pd^-Rh-),  Ni  alloys,  I 

plotted  as  a function  of  the  temperature.  Curves  j 

} 

through  the  data  are  a least  squares  fit  of 

Eq.  1.171  to  the  data.  The  atomic  percent  of  Ni 

in  each  alloy  labels  the  appropriate  curve.  Data 

points  below  4. 3 K have  been  omitted  in  this  figure 

for  clarity,  but  are  shown  in  the  following  i 

figure.  Alloy  compositions  below  are  shown  in  | 

Fig.  j 

I 
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Fig.  56. 

The  low  temperature  data  which  were  omitted  in 
previous  figure  are  plotted  as  a function  of  tem- 
perature. Curves  through  the  data  are  a least 
squares  fit  of  Eq.  1.171  to  all  the  data  shown  in 
this  figure  and  the  previous  figure.  The  atomic 
percent  of  N1  in  each  alloy  labels  the  appropriate 
curve . 


228 


0 


1 


2 


3 


4 


T (K) 


Fig.  57. 

Same  data  and  fitting  curves  as  in  previous  figure 
but  plotted  as  a function  of  the  temperature 
squared. 
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Fig.  58. 

The  contribution  to  the  temperature  dependent  part 
of  the  resistivity  from  the  addition  of  N1  to  a 
series  of  (PdggRhg) alloys, 

■ <'>-Po>alloy-<'^'’o>host'  “ » function 

of  the  temperature  for  Ni  concentrations  sJ%Ni. 
Curves  through  the  data  are  a least  squares  fit  of 
Eq.  1.171  to  the  data.  The  atomic  percent  of  Ni 
in  each  alloy  labels  the  appropriate  curve.  Data 
points  below  4.3  K have  been  omitted  from  this 
figure  for  clarity,  but  are  shown  in  the  following 
figure. 
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Fig.  59. 

The  low  temperature  data  which  were  omitted  in 
previous  figure  are  plotted  as  a function  of  the 
temperature  squared.  Curves  through  the  data  are 
a least  squares  fit  of  Eq.  1.171  to  all  the  data 
shown  in  this  figure  and  the  previous  figure.  The 
atomic  percent  of  Ni  in  each  alloy  labels  the 
appropriate  curve. 
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It  may  be  possible  to  choose  between  the  different 


forms  for  the  spin-fluctuation  resistivity  if  we  were  to 
extend  the  fit  over  a broader  range  of  temperatures  and  use 
samples  whose  Ni  concentration  was  low  enough  that  a single 
particle  model  would  be  applicable.  For  this  reason  we  have 
extended  the  resistivity  measurements  on  the  Pdgg  0' 

^^*^95^5^99.9^^0.1’  ^^‘^95®^5^99.8^^0.2  300  K. 

In  Fig.  3.44  we  show  this  extension  of  the  spin-fluctuation- 

resistivity  data.  A fit  of  the  above  three  spin-fluctuation 

f\inctions  to  the  data  showed  that  all  three  functions  deviate 

significantly  from  the  data  once  the  upper  range  of  the  fit 

exceeds  ~25K,  thereby  precluding  the  choice  of  any  one  form 

over  the  others.  The  fact  that  the  models  fail  to  give  the 

correct  temperature  dependence  at  the  higher  temperatures  is 

not  too  surprising  considering  the  simplification  that  has 

gone  into  the  models  and  considering  that  the  temperature 

dependence  of  the  spectral  density  function  has  been  neglected. 

A local  spin-fluctuation  model  which  is  more  detailed 

45 

than  those  used  above  is  the  model  of  Fischer  (described 
briefly  in  Sect.  3.13).  In  the  appropriate  limit  this  model 
reduces  to  that  of  Rivier  and  Zlatic,  but  it  differs  from 
their  model  in  that  the  potential  and  electron  hopping  terms 
associated  with  the  impurity  atoms  have  been  allowed  to  be 
different  than  those  associated  with  the  host  atoms,  and  the 
condition  that  the  host  be  unenhanced  has  been  relaxed.  The 
most  striking  difference  between  the  spin-fluctuation  resis- 
tivity predicted  by  the  two  models  is  that  the  universality 
of  the  Rivier  and  Zlatic  resistivity  is  lost,  that  is,  scal- 
ing the  resistivity  and  the  temperature  no  longer  results  in 
a single  curve. 

By  noting  that  both  models  yield  the  same  functional 
form  for  the  resistivity  at  T<k  t and  at  T s>T  , we  have  found 

9 9 

that  multiplying  the  Rivier-Zlatic  resistivity  by  a factor, 

{l + B/(l+f^) },  where  fsT/S^ and  where  B and  0^ are  two  adjust- 
able parameters,  yields  a good  representation  of  the 
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resistivity  predicted  by  Fischer.  Using  this  representation 
we  were  able  to  obtain  an  excellent  fit  to  the  data  over  the 
entire  temperature  range  as  shown  by  the  curves  through  the 
data  in  Fig.  60.  However,  since  the  Fischer  model  neglects 
the  temperature  dependence  of  the  spectral  density  function 
and  since  four  adjustable  parameters  were  used  to  fit  the 
data,  the  value  of  such  a fit  is  questionable.  On  the  other 
hand,  the  data  should  be  a good  representation  of  the  spin- 
fluctuation  resistivity  resulting  from  the  local  enhancement 
of  the  noninteracting  (isolated)  N1  atoms. 

The  values  of  the  various  resistivity  parameters  along 
with  the  errors  (90%  confidence  level)  and  the  standard 
deviations  (a) , all  of  which  were  determined  from  the  least 
squares  fit  of  data,  are  listed  in  Table  2.  Although  all 
the  models  yielded  an  excellent  fit  to  the  data  for  the  more 
dilute  alloys,  the  Kaiser-Donlach  function  yielded  the  best 
overall  fit  to  the  1-20 K data.  This  can  be  seen  by  examining 
a for  the  various  fits. 

These  Kaiser-Donlach  parameters  are  shown  as  a function 

of  N1  concentration  in  Fig.  61.  Also  shown  are  the  Kalser- 

69 

Donlach  parameters  obtained  by  Purwlns  et  al.  on  three 
Pd-Rh-Ni  alloys  in  the  same  concentration  range.  The  large 
disagreement  that  occurs  at  low  Ni  concentrations  is  the 
result  of  fitting  the  data  over  different  temperature  ranges 
and  the  higher  precision  of  the  present  data.  Purwins  et  al. 
have  fitted  their  data  up  to  35 K,  whereas  we  find  systematic 
deviations  from  the  data  once  the  upper  range  of  the  fit 
exceeds  ~25K.  If,  however,  we  fit  the  data  up  to  35K,we 
find  we  are  in  agreement  with  values  found  by  Purwlns  et  al., 
but  the  standard  deviation  is  then  five  times  as  large  as 
that  of  the  1-20 K fit. 

By  using  Eq.  1.173  and  the  Kaiser-Donlach  fitting  param- 
eters, one  can  evaluate  the  coefficient  of  the  T^  term  in  the 

2 

resistivity.  In  Fig.  3.46  we  show  AA  (the  change  in  this  T 
coefficient  over  that  of  the  host)  as  a function  of  the  Ni 

(text  continues  on  p.  246) 
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Fig.  60. 

The  contribution  to  the  temperature  dependent  part 
of  the  resistivity  from  the  addition  of  N1  to  a 

^ ^^‘^95®^5^99.9^^0. 1 

^ ^^-^o^alloy'^^^^o^host  Pl^^^ed  as  a function 
of  the  temperature.  The  atomic  percent  of  Ni  in 
each  alloy  labels  the  appropriate  curve.  Data 
points  below  20  K have  been  shown  in  previous 
figures  and  are  omitted  here  for  clarity.  The 
curve  through  the  data  is  a least  square  fit  of 
all  the  data  to  a phenomenological  function  (see 

text)  representing  the  spin-fluctuation  model  of 
45 

Fischer 
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Table  2. 

Least-square-f itting  parameters  determined  by 
fitting  the  1-20 K spin-fluctuation  resistivity 
data  of  the  various  (Pd_eRt»e)i  Ni  alloys.  The 
Ni  concentration  (c)  labels  the  alloy.  The  func- 
tions used  in  the  Kalser-Doniach,  Rivier-Zlatlc, 
and  phenomenological  fits  are  given  in  Eq.  B.2, 
1.188,  and  1.191,  respectively.  A comparison  of 
the  quality  of  the  fit  can  be  made  by  examining 
the  standard  deviation  (cl  of  the  fit.  The  errors 
for  the  fitting  parameters  are  given  at  a 90% 
confidence  level. 

At  the  bottom  of  the  table  we  show  the  fit- 
ting parameters  used  to  fit  the  1-300 K spin- 
fluctuation  resistivity  data.  This  fit  is 
obtained  by  a modification  of  the  Rivler-Zlatic 
function  (see  text) . 
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TABLE  2 


SPIN-FLUCTUATION  RESISTIVITY  PARAMETERS 


1-20K 

Kalaar-Oonlach 

Rlvler-Zlatlc 

Phaaoaano log lea 1 

c 

9 

■n 

9 

8 

9 

(•t%) 

(pO-ca) 

(pO-ca) 

(pO-ca) 

(pO-ca) 

(uO-ca) 

(K) 

(pO-ca) 

0.10 

16.7±1.8 

57.813.8 

11 

25.811.7 

90.613.8 

11 

13.610.9 

21.010.9 

11 

0.20 

15.7±0.6 

55.711.3 

8 

25.111.0 

89.011.1 

13 

13.210.5 

20.610.5 

13 

0.25 

14.3±1.7 

53.114.0 

32 

24.011.9 

87.514.6 

36 

12.611.0 

20.211.1 

36 

0.50 

11.710.4 

42.810.9 

22 

22.211.1 

75.812.5 

56 

11.610.6 

17.510.6 

55 

0.75 

9.510.4 

38.011.0 

42 

19.811.1 

71.712.7 

111 

10.310.6 

16.510.6 

109 

1.00 

9.110.2 

35.310.7 

70 

2*'  410.8 

70.412.1 

222 

10.610.4 

16.210.5 

214 

1.50 

4.810.2 

21.310.7 

95 

15.111.0 

53.813.0 

382 

7.610.5 

12.110.5 

360 

2.00 

4.010.1 

18.710.2 

49 

13.410.8 

49.112.4 

540 

6.710.4 

11.010.5 

497 

2.50 

25.111.5 

80.712.7 

97 

32.110.6 

?1311 

48 

16.910.3 

26.110.3 

46 

3.00 

31.912.1 

11614 

63 

35.712.2 

15115 

74 

18.711.2 

34.711.2 

76 

j 


c 

B 

6' 

1 

9 

(at%) 

(K) 

(liO-ca) 

(pO-ca) 

0.01 

1.1910.14 

59.510.7 

20718 

95 

C.02 

1.1510.08 

58.810.3 

20214 

101 

Fig.  61. 

Least-square-fitting  parameters,  p_  and  T , 

s s 

obtained  from  the  previous  fitting  are  shown  as  a 

function  of  the  atomic  percent  Ni  in 

(PdocRbc),  Ni  . The  solid  circles  (#)  correspond 

to  the  parameters  obtained  when  fitting  the 

present  data  between  temperatures  of  1 K and  20  K. 

The  crosses  (X)  correspond  to  the  parameters 

69 

obtained  by  Purwins  et  al.  when  fitting  their 
data  between  1 K and  35  K.  The  open  circles  (O) 
correspond  to  the  parameters  obtained  when  fitting 
the  present  data  between  1 K and  35 K. 
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Fig.  62. 

2 

The  change  in  the  T coefficient  of  the  resistiv- 
ity, “ ^alloy  “ ^host’  addition  of  Ni  to 

a series  of  (Pd^-Rh-)-  Ni„  alloys  plotted  as  a 
function  of  the  atomic  percent  of  Ni  in  the  alloy. 
The  curve  through  the  data  suggests  the  concentra- 
tion dependence. 
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concentration.  The  behavior  observed  Is  that  which  would  be 

expected  as  the  number  of  local  spin  fluctuations  Increases 

as  N1  approaches  the  critical  concentration  for  the  onset  of 

ferromagnetism.  Once  the  critical  concentration  Is  reached, 

2 

the  spin  fluctuations  die  out  and  one  Is  left  with  a T term 
from  electron-magnon  scattering.  The  peak  of  the  coeffi- 
cient Is  at  a N1  concentration  which  Is  close  to  the  1.9  at% 
N1  found  for  the  critical  concentration  from  the  magnetiza- 
tion data  (see  Sect.  3.2).  We  have  compared  Aa  observed  In 

2*5  27  74  7*5 

this  system  with  that  of  the  Pd-,  „Ni  system,  » > > » 

and  we  find  that  If  one  compares  samples  which  have  the  same 
ratio  of  N1  concentration  to  critical  concentration,  then  one 
observes  approximately  the  same  magnitude  for  AA  In  both 
systems.  The  close  relation  between  the  two  systems  has  also 
been  pointed  out  by  Cochrane  et  al.  , who  found  that  when  AA 
Is  plotted  against  data  for  the  two  systems  overlap. 

3.7  Contribution  from  Interacting  N1  atoms 

In  the  previous  section  we  showed  that  various  local 
spin-fluctuation  models  will  fit  the  data  below  20  K.  The 
spln-f luctuatlon  temperatures  obtained  from  the  fits  were 
found  to  decrease  with  the  addition  of  Nl.  Since  one  would 
not  expect  the  host  enhancement  to  change  greatly  with  the 
addition  of  Nl,  this  decrease  In  spin-fluctuation  temperature 
Is  hard  to  understand  unless  one  assumes  that  the  local 
enhancement  Is  a function  of  the  Nl  concentration. 

In  view  of  our  success  In  fitting  the  magnetization  data 
on  the  basis  of  the  existence  of  two  types  of  local  spin- 
fluctuation  center  (see  Sect.  3.4),  It  Is  likely  that  this 
existence  Is  also  responsible  for  the  large  decrease  In  the 
spin  fluctuation  temperature.  Since  the  concentration  of  the 
Nl  pairs  Increases  more  rapidly  with  the  addition  of  Nl  than 
the  concentration  of  the  Isolated  Nl  atoms,  It  would  be 
possible  to  explain  the  decreasing  spin-fluctuation  tempera- 
ture as  resulting  from  the  contribution  of  the  Nl  pairs  to 
the  spin-fluctuation  resistivity — provided  that  the 
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spin-fluctuation  temperature  of  a Ni  pair  is  lower  than  the 
spin-fluctuation  temperature  of  an  isolated  Ni  atom. 

There  are  two  other  conditions  that  must  be  fulfilled 
for  the  model  to  be  consistent  with  the  data.  First,  the 
contribution  to  the  spin-f luct\iation  resistivity  from  the  Ni 
pairs  should  be  proportional  to  the  concentration  of  the  Ni 
pairs,  and,  second,  the  spin-fluctuation  temperature  of  the 
Ni  pairs  should  be  roughly  Independent  of  Ni  concentration. 

We  can  check  to  see  if  these  condtlons  are  met  by  subtracting 
from  the  resistivity  data  the  following:  the  resistivity  of 
the  host,  the  residual  resistivity  due  to  the  Ni,  and  the 
spin-fluctuation  resistivity  due  to  the  isolated  Ni  atoms. 

The  subtraction  of  the  first  two  contributions  yields  , 
which  was  given  in  the  previous  section.  The  last  contribu- 
tion is  determined  from  the  Kalser-Doniach  fit  to  the  data  in 
the  limit  of  c-*0.  Extrapolating  to  c-0  the  curves  for  and 
T given  in  Fig.  61  yields  p^-17 . 0 p-O-cm  and  T^“58.6K. 
Substituting  these  parameters  into  the  Kaiser-Oonlach  expres- 
sion for  the  spin-fluctuation  resistivity  (Eq.  1.171)  and 
replacing  c in  this  expression  by  the  concentration  of  the 
noninteracting  Ni  atoms,  c(l-c)°,  yields  the  contribution  to 
the  spin-fluctuation  resistivity  due  to  the  noninteracting  Ni 
atoms.  Subtracting  this  from  the  data  for  p^  yields  the 
contribution  to  the  spin-fluctuation  resistivity  due  to  the 
interacting  Ni  atoms,  which  for  concentration  <lj  at%  Ni  con- 
sists mostly  of  Ni  pairs.  This  resistivity,  Ap^,  is  shown 
in  Figs.  63  and  64  for  the  case  n=18  (see  Sect.  3.4  for  a 
discussion  of  the  most  likely  value  for  n which  would  be  con- 
sistent with  the  magnetization  data) . 

The  spln-f luctuatlon  temperature  which  is  to  be  associ- 
ated with  the  Ni  pairs  can  be  found  by  replacing  c in  the 

Kaiser-Donlach  expression  for  the  spin-fluctuation  resistiv- 

2 H"  1 

ity  with  the  concentration  of  the  Ni  pairs,  nc  (1-c)  for 
n-18,  and  fitting  this  expression  to  the  Ap^  data.  With  the 
exception  of  the  2at%Nl  sample, a good  fit  to  the  data  was 
obtained  up  to  ~10K.  Beyond  this  temperatxire  the  data  falls 
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Fig.  63. 

The  contribution  to  the  temperature  dependent  part 
of  the  resistivity  from  the  interacting  Ni  atoms 
in  a series  of  plotted  as  a 

function  of  the  temperature.  The  atomic  percent 
of  Ni  in  each  alloy  labels  the  appropriate  curve. 
Data  points  below  4.3  K have  been  omitted  in  this 
figure  for  clarity,  but  are  shown  in  the  following 
figure.  With  the  exception  of  the  2%  Ni  sample  the 
curves  through  the  data  are  a least  squares  fit  of 
Eq.  1.171  to  the  data  below  10  K.  Only  data  below 
6.5  K was  used  in  fitting  the  data  for  the  2%Ni 
sample . 
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Fig.  64.  : 

I The  low  temperature  data  which  were  omitted  in  the  ! 

I previous  figure  are  plotted  as  function  of  tern-  j 

[ perature  squared.  The  atomic  percent  of  Ni  in  ' 

each  alloy  labels  the  appropriate  curve.  Curves  •! 

I through  the  data  are  the  least  square  fit  of  the 

data  mentioned  in  previous  figure. 
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below  the  resistivity  function.  In  the  case  of  the  2 at%  Ni 
sample  a good  fit  could  be  obtained  only  to  K before  the 
curve  would  deviate  from  the  data.  These  numbers  may  be 
compared  with  the  upper  limit  of  ~25 K found  when  fitting  the 
noninteracting  Ni  data  (see  Sect.  3.6).  The  lower  value 
found  in  the  case  of  the  interacting  Ni  atoms  would  be  con- 
sistent with  a larger  local  enhancement  factor  being  associ- 
ated with  the  Ni  pairs  than  with  the  isolated  Ni  atoms  (see 
discussion  at  end  of  Sect.  1.12). 

The  parameters,  p and  T , from  the  fit  to  the  P-  data 

S S X 

are  shown  in  Fig.  65  as  a function  of  the  Ni  concentration 

2 

in  the  alloys.  The  T coefficient  from  the  fit  are  shown  in 
Fig.  66  as  a function  of  the  square  of  the  Ni  concentration. 

An  examination  of  the  data  presented  in  these  two  figures  and 
in  the  previous  two  figures  shows  that  the  three  conditions 
necessary  for  the  model  proposed  (in  Sect.  3.4)  to  explain 
the  resistivity  data  are  fulfilled. 

First,  the  ratio  of  the  spin-fluctuation  temperature 
associated  with  an  Isolated  Ni  atom  to  that  of  an  isolated 
pair  of  interacting  Ni  atoms  is  consistent  with  the  prediction 
for  this  ratio  based  on  magnetization  data.  To  see  this  note 


that 

X2  “>2 

X'l  ■ - Sj 


<Vi 
^^2  ’ 


(3.29) 


where  the  subscripts  1 and  2 refer  to  the  Isolated  Ni  atom 


and  the  isolated  Ni  pair,  respectively.  The  first  equality 

comes  directly  from  the  definitions  for  the  various 

can  also  be  seen  from  Eq.  3.15  after  differentiating  with 


respect  to  H to  obtain  the  relation  between  the  x's.  Apply- 
ing Eqs.  1.153,  1,169,  and  1.170  yields  the  second,  third,  and 
last  equality,  respectively.  The  value  for  x^  ^^d  X2 
found  from  the  use  of  the  low-field  data  shown  in  Figs.  48 
and  40  in  the  relations  given  by  Eqs.  3.20  and  3.21.  Using 
Eq.  3.29,  we  find  the  spin-fluctuation  temperature  for  the 
isolated  Ni  atoms  is  predicted  to  be  roughly  four  times  as 
large  as  that  of  a Ni  pair.  This  predicted  ratio  is  well 
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within  that  which  is  experimentally  observed  from  the 

resistivity  data;  (Tg)^^  = 59Ki4K,  and  (Tg)2  “ 18K±8K. 

Second,  the  spin-fluctuation  temperature  of  the  Ni  pairs 

(Fig.  65)  is  roughly  independent  of  the  Ni  concentration, 

which  is  what  we  would  expect  if  the  interacting  Ni  atoms  are 

to  consist  mostly  of  Ni  pairs  as  indicated  by  magnetization 

results  for  those  alloys  with  < l^at%Nl. 

Lastly,  as  predicted  by  the  model,  the  temperature- 

dependent  contribution  of  the  interacting  Ni  atoms  to  the 

resistivity  increases  approximately  as  the  square  of  the  Ni 

2 

concentration.  This  c dependence  can  be  seen  from  various 

aspects  of  the  data.  First,  a direct  comparison  at  a fixed 

temperature  of  the  various  values  of  the  resistivities  given 

2 

in  Figs.  63  and  64  shows  the  c dependence.  (The  2 at%  Ni 
sample  is  an  exception  to  this  statement,  but  it  is  ferro- 
magnetic and  would  therefore  not  be  expected  to  be  consistent 

with  the  model.)  Second,  the  fact  that  p (Fig.  65)  is 

s 

roughly  Independent  of  Ni  concentration  implies  that  the 

2 

resistivity,  Apj,  is  proportional  to  c . (Recall  that,  to  fit 
the  data,  c in  Eq.  1.171  was  replaced  by  the  concentration  of 
Ni  pairs.)  Third,  the  fact  that  the  contribution  to  the  T^ 

coefficient  from  the  Interacting  Ni  atoms  is  proportional  to 

2 2 
c (see  Fig.  66)  shows  that  the  resistivity  in  the  T region 

has  a <?  dependence. 

In  the  above  analysis,  we  have  taken  n»18  which  is  equal 
to  the  total  nvimber  of  nearest  and  next-nearest  neighbors  in 
the  system  and  which  implies  that  the  two  Ni  atoms  Interact 
to  form  a coupled  pair  if  they  are  either  nearest  or  next- 
nearest  neighbors  (see  Sect.  3.4).  We  have  also  tried  to  fit 
the  data  with  n ranging  from  n>‘12  to  n-42,  which  corresponds 
to  the  number  of  nearest  neighbors  and  the  total  number  of 
near  neighbors  up  to  and  Including  thlrd-nearest  neighbors, 
respectively.  Within  the  errors  of  the  experiment  both  mag- 
netization and  the  resistivity  data  remain  consistent  with 
the  model  for  this  range  of  n.  As  n Increases  from  12  to  42, 
the  average  value  of  T^  increases  from  ~15  K to  ~25  K;  however, 
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Fig.  65.  I 

Least-square-f itting  parameters,  and  T^,  | 

obtained  from  the  previous  fitting  of  the  contri-  ; 

bution  to  the  resistivity  from  interacting  Ni  j 

atoms  are  shown  as  function  of  the  atomic  percent  \ 

of  Ni  in  <Pd95Si5)i.^Nl^-  j 


1 

I 


i 

I 
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Fig.  66. 

2 

The  contribution  to  the  T coefficient  from  the 
interacting  Ni  atoms  as  a function  of  the  Ni  con- 
centration squared.  The  straight  line  through  the 
2 

data  shows  a c concentration  dependence.  The 

dash  line  shows  the  concentration  dependence  of 

the  contribution  from  the  noninteracting  Ni  atoms 
2 

to  the  T coefficient. 
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AAt  (pii-cm/K  ) 


at  the  upper  end  of  this  range  T tends  to  decrease  with 

s 

increasing  Ni  content  at  a rate  which  is  faster  than  would 
be  expected  from  the  model. 

In  conclusion,  we  find,  that  for  (Pd-je-Rhe),  Ni  alloys 
with  Ni  concentration  of  <lat%,  both  the  magnetization  data 
and  the  resistivity  data  are  consistent  with  a model  which 
describes  the  local  spin  fluctuations  in  these  alloys  as 
centered  aroiind  isolated  single  Ni  atoms  and  around  Isolated 
Ni  pairs.  Two  Ni  atoms  will  Interact  to  foirm  the  pair  if  the 
Ni  atoms  are  either  nearest  neighbors  or  next-nearest  neigh- 
bors. The  spin-fluctuation  temperature  associated  with  the 
Isolated  Ni  atom  is  found  to  be  ~60K,  and  the  spin-fluctuation 
temperature  associated  with  the  Ni  pair  is  foxind  to  be  ~20K. 


258 


Magnetization  and  Resistivity 


In  the  final  two  sections  of  this  chapter,  we  discuss 
the  implications  of  both  the  magnetization  and  resistivity 
data  in  regard  to  the  local  enhancement  model.  In  the  first 
of  these  two  sections,  values  of  the  enhancement  parameters 
for  the  dilute  system  are  determined  and 

compared  with  corresponding  values  for  the  Pd^  N1  system. 

In  the  second  section  the  field  dependence  of  the  data  is 
discussed,  and  it  is  suggested  that  Nl-Ni  Interactions  yield 
a better  explanation  of  the  data  than  a shifting  of  the  Fermi 
level  with  Ni  concentration. 


3.8  Estimation  of  Enhancement  Parameters 

The  static  susceptibility  in  the  uniform  enhancement 
model  is  given  by  (see  Eq.  1.94) 


(3.30a) 


where  is  the  unenhanced  Pauli  svisceptibillty , N(E„)  is  the 
density  of  d states  at  the  Fenni  level  per  atom  per  spin- 
state,  and  U is  the  intra-atomic  Coulomb  Interaction  param- 
eter. Since  the  Stoner  enhancement  factor  is  defined  by 


S=  X/Xq»  uniform  enhancement  model  yields 

S =*  i 

l-UN(Ej,)  • 


(3.30b) 


Using  the  results  of  the  band  calculation  of  Andersen'  to 


obtain  the  tinenhanced  susceptibility  and  dividing  this 

susceptibility  into  the  experimentally  determined  enhanced 

susceptibility  yields  S~10  for  Pd.  Since  the  susceptibility 

"6 

of  PdggRhg  (~14xl0  emu/g)  is  roughly  twice  as  large  as  that 

of  Pd  (~7xlo”®  emu/g)  and  since  the  density  of  states  does  not 

differ  greatly  between  these  two  materials  (~10%  on  the  basis 

76 

of  the  rigid  band  model  ; ~5%  on  the  basis  of  the  specific 
heat  data^^) , one  expects  S~20  for  PdggRhg.  Such  a factor 
does  not  seem  unreasonable  since  only  a 5%  increase  in  the 
product  UN(Ej,)  is  sufficient  to  yield  this  result. 


259 


r. 


L 

( 

i 

r 

► 

i 


On  the  other  hand,  If  we  assxime  that  S»20  is  correct 

for  the  PdggRhg  host,  then  we  are  unable  within  the  error  of 

the  experimental  data  to  fit  the  local  enhancement  model  to 

both  the  magnetization  and  resistivity  data.  This  failure  of 

the  model  to  fit  the  data  is  most  likely  the  result  of  the 

assximption  that  the  Pd.eRhe  host  could  be  treated  as  a 

y o o 78 

uniformly  enhanced  material.  Experimental  data^  and  theoret- 

79  80 

ical  calculations  ’ Indicate  that  the  Rh  atom  exhibits  a 
much  larger  svisceptibillty  enhancement  than  the  Pd  atom.  If 
we  assume  the  susceptibility  of  the  PdggRhg  alloy  consists  of 
(1)  a uniformly  enhanced  susceptibility  associated  with  the 
background  and  (2)  a locally  enhanced  susceptibility  associ- 
ated with  the  Rh  atoms,  then  we  can  fit  the  local  enhancement 
model  to  the  (^<*95^5) Thus,  it  appears  that 
PdggRhg  has  a uniform  enhancement  which,  although  greater 
than  Pd,  is  not  as  large  as  first  thought. 

The  local  enhancement  parameters  for  the  dilute 

(Pd__Rh(.),  Ni  alloy  system  can  be  estimated  in  a manner 
yo  o x^x  X 

analogous  to  that  given  in  Appendix  D for  the  dilute  Pd,  Ni 

system.  We  assume  a uniform  background  susceptibility  in  the 

PdggRhg  host  to  be  25%  greater  than  that  of  pure  Pd;  the 

remaining  part  of  the  susceptibility  of  the  host  is  assumed 

to  arise  from  the  local  enhancement  of  the  Rh  atoms.  These 

assumptions  are  in  agreement  with  the  CPA  calculations  of 

80 

J.  van  der  Rest  et  al.  for  the  Pd^-Rh-  alloy  and  yield 
S-12}  . (3.31) 

and 

UN(Ej.)“0.92  . (3.32) 

With  a uniform  background  susceptibility  of  emu/g 

and  with  the  data  yielding  (see  Figs.  45  and  47) 
dx/dc  - (1020±50)  X 10”®  emu/g,  we  have  Xy^  dx/dc  = 117±6. 
Proceeding  as  in  Appendix  D yields 


i^“  0.33  , (3.33) 

a = 30±2  , (3.34) 

and  x(0)/N(Ej,)  = 3. 1 . 
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That  these  values  are  consistent  with  the  resistivity 
data  can  be  seen  as  follows.  Plotting  AA/c  as  a function  of 
c and  taking  the  limit  as  c-*0,  we  have 


(150±5)  xio"^®  0-cm/K^ 


(3.35) 


for  the  (PdQ-Rhe)i  .,Ni  system  and 

*70  O X*X  X 

~|  “ (120±15)X10"^°  fVcm/K^ 


(3.36) 


for  the  Pdj_^Ni^  system?®’^"^*®®’®^  From  the  local  enhance- 


ment model  (see  Eq.  C7  in  Appendix  C) , 


2 

b[a  ^^SUN(Ej.)]  , 


(3.37) 


where,  to  first  order,  b is  independent  of  the  enhancement 

parameters.  We  find  b for  the  using  the 

results  from  the  data(Eq.  3.36)  and  the  enhancement  parameters 

in  Appendix  D.  Assuming  b to  be  eqiial  in  the  two  systems  and 

using  the  enhancement  parameters  given  above  yield  a predic- 

—10  2 

tion  of  (167dt40)xlo  Cl-cm/K  for  dA/dc  in  good  agreement 
with  the  expermental  result  (Eq.  3.35). 

In  the  above  estimation  of  the  enhancement  parameters  we 
assumed  that  the  uniform  background  susceptibility  for  the 


PdggRhg  alloy  to  be  25%  greater  than  the  sxisceptlbility  of 
Pd;  however  a uniform  background  susceptibility  ranging  from 
20%  to  50%  greater  than  Pd  would  yield  enhancement  parameters 
consistent  with  the  data.  Assuming  the  uniform  susceptibil- 
ity increases  from  a value  20%  greater  than  that  of  Pd  to  a 
value  50%  greater  than  that  of  Pd,  we  find  the  data  yields 
the  following  range  for  the  enhancement  parameters:  S 
increases  from  12  to  15,  UN(Ep)  increases  from  0.92  to  0.93, 
AU/U  decreases  from  0.34  to  0.31,  a decreases  from  33  to  23, 
and  U at  the  Ni  site,  Uj^^,  changes  such  that  Ujjj^N(Ej,) 
decreases  from  1.23  (which  is  the  same  value  of  U^^N(Ep) 
estimated  for  Pd,__Ni  system)  to  1.22. 

It  is  of  interest  to  note  that,  if  we  use  the  procedures 
discussed  in  this  section  to  estimate  the  ratio  of  the 
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spin-fluctuation  temperature  of  an  Isolated  N1  atom  in  the 
Pd,  „Ni  system  to  that  of  an  isolated  Ni  atom  in  the 
(PdggRhg) system  (see  Eqs.  1.170  and  1.169),  then  we 
find  that  the  spin-fluctuation  temperature  associated  with  an 
Isolated  Nl  atom  in  the  Pd,  Ni  system  is  predicted  to  be 

(T)pd  Ni  “74il2K,  (3.38) 

which  is  in  good  agreement  with  the  value  of  76  found  by 

38 

Kaiser  and  Donlach  after  fitting  the  data  of  Schindler  and 
Rice^®. 

Lastly,  we  can  use  the  (Pd_,Rhe),  Ni  data  to  evaluate 
the  local  enhancement  parameters  associated  with  an  Isolated 
pair  of  interacting  Nl  atoms.  The  error  in  the  evaluation  of 
the  local  enhancement  factor  a2  is  necessarily  large  because 
of  the  large  experimental  uncertainty  associated  with  the 
contribution  of  the  Ni  pair  to  the  susceptibility  and  resis- 
tivity data.  On  the  other  hand,  the  parameter  AU/U  is  known 
to  increase  by  less  than  5%  since  an  increase  of  5%  is  suffi- 
cient to  make  a diverge.  The  ratio  of  the  .local  enhancement 
factor  of  the  Ni  pair  to  that  of  the  Isolated  Ni 'atom  can  be 
evaluated  by  using  the  s^lsceptiblllty  data  and  Eq.  3.29,  by 
using  the  spin-fluctuation  temperatures  and  Eq.  3.29,  or  by 
using  the  T^  coefficients  and  Eq.  3.37.  We  find 
between  3 * 8,  2 46,  and  244,  respectively. 

3.9  Field  Dependence 

2 

The  magnetic  susceptibility  and  the  T coefficient  in 
the  electrical  resistivity  of  (Pd  _Rh_)-  Ni  alloys  vary 

9O  D X*X  X 

strongly  both  with  Ni  concentration  and  magnetic  field  (see 

Fig.  43  in  Sect.  3.3  for  the  susceptibility  data  and  see 

61 

Ref.  69  for  the  resistivity  data).  Purwins  et  al.  have 
shown  that  for  Pd,  _Ni  alloys  (x^O.Ol)  this  strong  depend- 

X**  X gQ 

ence  on  the  Ni  concentration  can  be  explained  if  the  Schulz 
model  is  generalized  to  include  a Fermi  level  shift  which 
depends  on  the  Nl  concentration  as  well  as  the  magnetic  field. 
In  this  section  we  show  that  the  field  dependence  of  the 
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(PdggRhg) oata  (x<0.01)  can  be  explained  without 

generalizing  the  Schulz  model  if  one  takes  into  account  the 

Ni-Ni  interactions  in  these  alloys. 

By  extending  the  local  enhancement  model  of  Lederer  and 

Mills  (see  Sects.  1.10  and  1.12)  to  include  the  presence  of  a 

magnetic  field,  Schulz  was  able  to  show  that  the  change  in 
2 

the  T coefficient,  AA,  which  occurs  with  the  addition  of  Nl, 

61 

has  a field  dependence  which  is  given  by 


3(1+3t“)“  3(1+1 


(3.39 


where  r+r' 


Hs  - [(l-J)r^(^/6J)^H3a]  ^ 

J-UN(Ej.),  6J-AUN(Ej,),  T^^( J+aj)/6J,  l-x“^dX/dc, 

^ tjN(Ej.)  " ^LNTE^r)J  ) ’ 


^N(E„) 


(3.40) 


(3.41) 


N(Ej.)  -dN(Ej.)/dE  , and  n"(Ej.)  -d2N(Ej,)/dE^  . 

By  using  the  Schulz  model,  the  field  dependence  suscep 
tlbility  data,  and  the  zero-field  resistivity  data,  we  can 
predict  the  field  dependence  of  the  coefficient  for 

2 

(PdggRhg) alloys.  Writing  the  contribution  to  the  T 
coefficient  from  the  Ni  atom  as 

AA(H)  -A^(H)+A2(H)  , (3.42) 

where  the  subscripts  1 and  2 refer  to  the  contribution  from 
the  noninteracting  Ni  atoms  and  the  interacting  Nl  atoms, 
respectively  (see  Sect.  3.4  for  a discussion  of  the  two 
classes  of  Ni  atom) , we  then  have 

A,(0)  A,(H)  A„(0)  A„(H) 


e equ 


be  d 
naent  ra 
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The  scaled  contribution  from  the  N1  atoms  to  the 

coefficient  of  the  electrical  resistivity 

shown  as  a function  of  the  magnetic  field 

Intensity.  Based  on  the  field  dependence  of  the 

susceptibility  data  and  the  separation  of  the 

resistivity  data  into  contributions  from  isolated 

N1  atoms  and  Ni  pairs,  the  field  dependence  of  the 

coefficient  for  a (PdggRhg)  g^Nij^  alloy  is 

predicted  to  be  that  shown  by  the  solid  curve. 

69 

The  data  of  Purwins  et  al.  for  such  an  alloy  are 
shown  by  the  squares.  The  dashed  curve  shows  the 
predicted  contribution  from  the  noninteracting  Ni 
atoms. 


in  Sect.  3.4)  to  find  the  values  of  r(H) . 

In  Fig.  67,  we  show  the  prediction  of  AA(H)/i&A(0)  for 

69 

a (^**95^^5)99^^!  alloy  along  with  the  Purwins  et  al.  data 
for  such  an  alloy.  The  agreement  between  the  prediction  and 
the  data  is  excellent— especially  in  view  of  the  fact  that 
there  were  no  adjustable  parameters.  Basically  this  shows 
again  the  close  relation  between  the  susceptibility  and 
resistivity  data  and  gives  further  support  for  the  local 
enhancement  model  and  for  the  existence  of  N1  clustering  in 
this  alloy  system. 

As  we  did  in  the  last  section  with  the  zero  field  data, 
we  can  use  the  field-dependent  data  to  evaluate  the  ratio  of 
the  two  local  enhancement  factors.  From  £q.  3.40,  we  have 

~i 

where  we  have  neglected  the  small  difference  between  the  two 
6J's  and  have  xised  (see  Eq,  1.153)  A.=a6J/(l-j)  . Substituting 
the  values  for  into  Eq.  3.44  yields  “ 3j±l  in  good 

agreement  with  the  values  obtained  for  this  ratio  from  the 
zero-field  data. 

In  conclusion,  we  note  that  an  analysis  of  the  magnet- 
ization and  resistivity  data  of  dilute  (Pd-.eRh-)-  Ni  alloys 

D X*X  X 

in  terms  of  a single  type  of  locally  enhanced  spin-fluctuation 
center  yields  a spin-fluctuation  temperature  and  a character- 
istic field  parameter  which  are  both  strongly  concentration 
dependent.  Such  a strong  concentration  dependence  of  the 
parameters  is  difficult  to  understand  on  the  basis  of  the 
local  enhancement  models.  However,  if  one  takes  into  accoxmt 
at  least  two  types  of  enhancement  center — a locally  enhanced 
center  associated  with  an  Isolated  Nl  atom,  and  a locally 
enhanced  center  associated  with  an  interacting  Ni  pair — then 
one  finds  that  the  local  enhancement  model  can  explain  both 
the  magnetization  and  the  resistivity  data  and  that  the  spin- 
fluctuation  parameters  associated  with  each  center  are  nearly 
concentration  Independent. 


■ 3 

t 


(3.44) 
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CONCLUDING  REMARKS 

The  measuring  of  the  magnetization  and  electrical  resis- 
tivity for  a series  of  (P^ggRhg) ^_^Ni^  alloys  and  the  analyz- 
ing of  the  data  in  terms  of  various  models  has  yielded  the 
following  results.  For  those  alloys  with  Ni  concentrations 
^1  at%,  the  data  can  be  explained  by  the  local  enhancement 
model  provided  one  considers  two  types  of  local  spin- 
fluctuation  center  in  an  enhanced  host:  the  first  type 
consists  of  an  isolated  Ni  atom,  and  the  second  type  consists 
of  a pair  of  interacting  Ni  atoms.  The  Ni  atoms  appear  to  be 
randomly  distributed  throughout  each  alloy,  and  two  Ni  atoms 
are  found  to  Interact  to  form  a coupled  pair  if  they  are 
either  nearest  or  next-nearest  neighbors.  The  local  enhance- 
ment associated  with  the  Ni  pair  is  found  to  be  roughly  3 or 

4 times  as  large  as  that  associated  with  the  isolated  Ni  atom. 

38 

The  spin-fluctuation  temperature  and  the  characteristic- 

* 61  * 
field  parameter  associated  with  the  locally  enhanced 

centers  are,  respectively,  T - 59±4  K and  H » 225±25  kG  for  the 

s s 

isolated  Ni  atom  and  T_  - 18i:8  K and  H 35^5  kG  for  the  isola- 

s s 

ted  Ni  pair.  The  magnetic  behavior  exhibited  by  the  Ni  pair 
is  nearly  that  of  a local  moment  having  a magnitude  of  5^1  iXg. 

Using  the  local  enhancement  model  in  the  single  Impurity 
limit  and  comparing  the  data  for  this  system  with  that  for 
the  find  1)  the  local  enhancement  factor 

associated  with  the  Ni  impurity  to  be  approximately  equal  in 
the  two  systems,  2)  the  Stoner  enhancement  factor  for  the 
PdggRhg  hos t to  be  roughly  25%  greater  than  that  tor  Pd,  and 
3)  the  increase  in  the  density  of  states  predicted  by  the 
rigid  band  model  to  be  Inconsistent  with  the  data. 

Above  lat%Nl,  the  following  generalizations  are  consis- 
tent with  the  data:  As  the  Ni  concentration  increases  from  1 
to  3at%Ni,  the  concentration  of  the  isolated  Ni  atoms  levels 


off  while  the  concentration  of  the  Ni  pairs  rapidly  increases, 
but  in  this  concentration  range  the  number  of  isolated  Ni 
atoms  always  exceeds  the  number  of  Ni  pairs.  At  the  critical 
concentration  (~1.9at%Ni)  the  interaction  between  the  Ni 
pairs  and  the  higher  order  Ni  clusters  becomes  significant 
and  ferromagnetic  alignment  begins.  At  roughly  2jat%Ni,  the 
moments  on  the  Ni  pairs  are  fully  ordered  at  4 K.  And 
finally,  even  though  at  the  highest  Ni  concentrations  the 
Isolated  Ni  atoms  are  polarized  by  the  Internal  field,  the 
magnetization  that  results  from  these  atoms  is  far  from  being 
saturated  at  4K. 


APPENDIX  A 

LEAST  SQUARE  FITTING  METHOD 


The  Problem 

Given  a set  of  data  consisting  of  N values  Yj^-Y(x^), 

1*1, 2,..., N,  which  were  measured  at  N different  values  of  an 

Independent  variable  x,  and  given  a fitting  function  y(x,b) 

which  has  the  value  *y(Xj^,H)  at  x^,  where  S represents 

M Independent  fitting  parameters  b ^ , j“l,2,...,M  (M<N) , we 

wish  to  find  S such  that 
N 

- SCyi(S)  - Y 

i«i  1 1 

is  a minimum.  Such  will  be  the  case  when 

1-1 j-i  ^ 


Since  the  b.'s  are  inflependent  this  reduces  to  solving  the  M 
equations, 

2_^Cyi(b)  -Y^}-5^  * 0 , j*l,2,...,M  , 
i*l  j 

for  b. 


The  Newton-Raphson  Method  of  Solution 

In  the  Newton-Raphson  method  of  solution  the  M independ- 
ent equations  are  approximated  by  a set  of  equations  which 
are  linear  in  the  unknowns.  The  solution  of  these  equations 
is  found  by  standard  matrix  inversion  techniques  and  the 
results  are  vised  to  make  a better  linear  approximation.  The 
process  is  repeated  until  the  desired  accuracy  is  obtained. 
This  procedure  is  outlined  in  the  following  steps; 


1)  Let 


N 


ij(b) 


■L 

1*1 


, ^ ay^Cb) 

-’'ll -5^ 
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then  the  problem  is  to  find  the  b which  satisfies  the  M 
equations 

0 , , ,M 


f.(b) 


and  to  approximate  f.(b)  with  a first  order  Taylor  expansion 


about  an  initial  guess  for  b,  say  b^,  i.e., 


f.(b)  « +7f  .(b)l  ^ Ab  , 

J J o j Ig.g 


where  Ab  - b-b  and 
o 


Vf 


/af .(b) 

I - 1 3 

af.,(b) 

af.,(b) 

b-b  ^ 

is-b_  V ^’^i 

b=b  ’ ^^2 

_ _ » • • • » ab 
b-b 

2)  Solve  for  the  root  b of  the  approximated  functions  .(now 
linear  in  b) , i.e.,  find  b such  that 


+7fj(B)|_  Ab  - 0 , j=l,2,...,M  . 
^ ^o 


3)  Use  the  b found  in  step  2 as  a new  guess  for  the  root  b. 


Repeat  step  1 to  find  a better  approximation  for  and 


repeat  step  2 to  find  the  new  root,  b. 

4)  Repeat  steps  1,  2,  and  3 until  Ab/.b  meets  the  accuracy 


required. 


The  equations  given  in  step  2 can  be  written  out  more 
explicitly  by  noting  that 

N ^ ,r*x  N >2 


af.Cb) 


ab. 


^ay.  (b)  ay  (b)  ^ _ b y.(b) 

^TbT  bh~  "^i^  9b.  db. 


i-1  “ i“l 

Then  the  equation  of  step  2 becomes 
N 


i-l  J 


b-b 


Ab, 


= 0 


••  can  writ*  this  as  the  matrix  equation 


L 
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GAb  - R 


where  the  matrix  elements  of  G are 


i-l*-  ^ 


(b)  Sy^(b) 


and  the  vector  components  of  R are 
N 


ayi(b)| 


Solving  this  matrix  equation  yields  the  change  in  b^  neces- 
sary to  arrive  at  the  first  approximation  for  b. 

There  are  two  observations  we  would  like  to  make.  First, 
whenever  y^^Cb)  is  linear  in  the  b^'s,  the  first  order  Taylor 
expansion  is  exact,  and  therefore  only  one  iteration  is 
needed,  i.e.,  if 

y^(b)  = Ciibj  + Cg  j^bg  + . . . + Cjj^bjj  , 


then 


f.Cb) 


SZ)'=3i‘=ki^'’i 


i=l  k=l 


is  exact,  and  f.(b)  =0,  j-1,2, . , . ,M,  can  be  solved  for  b 
directly.  Second,  for  most  cases  of  interest  the  term 
N ^2_ 


a y^Cb) 


in  G.,  can  be  neglected.  The  reason  for  this  is  that  in  a 
good  fit  y^(b)  - will  have  an  approximately  random  scatter- 
ing of  positive  and  negative  values  about  zero,  whereas  the 
partial  derivative  will  generally  be  found  to  be  a slowly 
varying  function  of  x.  Thus,  the  sum  over  i will  tend  to 
have  canceling  terms.  (In  the  linear  case,  mentioned  above, 
only  the  first  partial  derivatives  are  non-zero  and  therefore 
the  above  mentioned  term  is  identically  zero.) 
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APPENDIX  B 

EVALUATION  OF  THE  KAISER-DONIACH  RESISTIVITY  FUNCTION 

The  Kaiser-Doniach  fxmction  is  given  by  (see  Eq.  1.171) 

iS? 


~ 1 /* dm  ar 


(B.l) 


,38 


This  integral  is  most  easily  evaluated  when  expressed  in 
terms  of  the  trigamma  function,  0(x),  for  then 

(B.2) 


P(T)  - ^ 


We  evaluate  the  trigamma  function,  first,  by  noting  that  for 
x>l, 

n-1 

where  Bg^^  are  the  Bernoulli  numbers  and,  second,  by  noting 
0(x)  - 0(x+l)  +-^  . (B.4) 

X 

Then,  by  using  these  recursion  and  expansion  relations  for 
0(x) , we  have 

^(x)  - V —^+  — + 2 + Y] 

^ (x+n)'^  x+10  2(x+10)^  ^ 


B 


2n 


n-0 


n-1 


(x+10) 


2n+l 


(B.5) 


where  B2“l/6,  B^— 1/30,  and  Bg-1/42.  This  expression,  which 
is  accurate  .to  nine  significant  figures  in  the  range  x>l,  was 
used  in  evaluating  p(T) . 

A similar  expression  was  used  to  evaluate  the  digamma 
function  in  the  Rivier  and  Zlatlc  expression  for  the  spin- 
fluctuation  resistivity  (Eq.  1.188). 
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APPENDIX  C 


COEFFICIENT  OF  THE  SPIN-FLUCTUATION  RESISTIVITY  IN  THE 
LEDERER-MILLS  AND  KAISER-DONIACH  MODELS 


The  temperature  dependence  of  the  spin-fluctuation 
resistivity  at  low  temperatures  can  be  obtained  from 


Xo‘4 


dq  q‘ 


w A(q.u)) 


(C.l) 


(see  Eqs.  1.161  and  1.163  is  Sect.  1.12)  as  follows.  First, 
note  that  as  uu  becomes  larger  than  the  thermal  energy  k^T, 
the  Bose  factor,  (e^'”-!)”^,  approaches  zero  exponentially, 
and,  as  a result,  the  spectral  density  function  need  be 
considered  only  for  values  of  u)  which  are  ^kgT.  For  small 
values  of  tu,  the  spectral  density  function  divided  by  m is 
independent  of  ou;  thus  for  low  temperatxires  the  integration 
can  be  performed  without  any  further  knowledge  of  the  func- 
tional form  of  the  spectral  density  function.  After  inte- 
grating over  u),  one  finds  that  the  low-temperature  resistivity 
is  given  by 


L ^^o*^  0 

Thus,  the  T^  coefficient  is  given  by 


as  T-*0, 


3X0*4 


I 


dq  q‘ 


A(q.«») 

(I) 


ou-»0 


and  ou-O  . 
(C.2) 


(C.3) 


(There  should  be  no  confusion  between  the  two  A’s  since  the 
spectral  density  function  is  always  written  as  a function  of 
q,u)).  The  change  in  A arising  from  the  addition  of  Ni  is 
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? 


AA 


(q,'") 


U) 


uj-0 


(C.4) 


(see  Eqs.  1.164  through  1.166).  For  a large  local  enhance- 
ment and  small  to  the  spectral  density  function,  A_(q,(u), 

19  ^ 

given  in  Eq.  1.166  can  be  approximated  as 


Aj(q,u>) 


2cN(Ej.) 

x„iF(q)I" 


{AUa}^{Rex(q,0)}^Im{x(‘«)}  . (C.5) 


By  combining  Eqs.  C.4  and  C.5,  we  have  the  desired  result 


AA  . ^\'4  tN(V^^  ImI£i»L) 


^4 


(0 


/dq  q‘ 
u)-0  J 


rMxL.(iup).1^ 

L |F(q)|  J ’ 


(C.6) 

2 

which  gives  the  change  in  the  T coefficient  divided  by  the 
Ni  concentration  as  a function  of  1)  the  dynamic  susceptibil- 
ity of  the  host,  2)  the  change  of  the  intra-atomic  Coulomb 
interaction  at  the  impurity  site  over  that  of  the  host, 

3)  the  local  enhancement,  and  4)  band  parameters  of  the  host. 
It  is  convenient  to  rewrite  the  above  equation  as 


^ = bfa^UNCEj.) 


(C.7) 


where 


Imfy(u))  }j 


Sk! 


0) 


r 

/dqq^rH^Xia^l 

|_Sx^,|F(q)rJ 


|F(q)r 


(C.8) 


We  evaluate  the  Integral  by  using  Eqs.  1.92  and  1.89,  by  using 

27 

the  approximation  for  F(q)  given  by  Schrlempf  et  al.  for  Pd, 

and  by  taking  2kj.“qp.  The  values  of  xC*")  are  found  in  the 
manner  described  in  Appendix  D.  As  S becomes  greater  the 
Increase  in  Im xCu*)/®  is  nearly  offset  by  the  decrease  in  the 
integral,  so  that  the  product  of  these  two  terms  is  largely 
independent  of  S.  Th\is,  the  coefficient  C is,  to  first 
order,  independent  of  the  enhancement  parameters. 
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APPENDIX  D 

ESTIMATION  OF  THE  LOCAL  ENHANCEMENT  PARAJlIETERS  FOR  THE 

Pd-  Ni  SYSTEM 

1-X  X 


We  can  estimate  the  local  enhancement  parameters  in  the 
Pdj^_j^Ni^  system  by  comparing  the  predictions  of  the  local 


enhancement  model  with  the  susceptibility  data, 
model  (see  Sect.  1.10  and  Eq.  1.153) 

ifjAl 

1 

lc-*0 


X dc 


a^UNCEy) 


From  the 


(D.l) 


where  is  the  susceptibility  of  the  alloy,  x is  the  sxiscep- 
tibillty  of  the  Pd  host,  AU  is  the  value  of  U at  the  Ni  site 
minus  the  value  of  U at  the  Pd  site,  S is  the  Stoner  enhance- 
ment factor,  N(Ey)  the  density  of  states  at  the  Fermi  level, 
and  a is  the  local  enhancement  factor,  which  is  given  by 

a = fl-AUx(O)}"^  , • (D.2) 

where  x(<u)  is  defined  by  Eq.  1.143.  From  the  band  calcula- 

76 

tlon  of  Andersen  and  the  stisceptibility  of  pure  Pd,  we  have 
S = 10  (D.3) 

and 

UN(Ey)  -0.9  . (D.4) 

Using  these  values  and  combining  Eqs.  D.l  and  D.2  yields 


dXi 


L _ 

’i . 0 

c-0 

''•''UN(Ey)J 

-1 


(D.5) 


By  changing  the  sum  to  an  Integral  in  Eg.  1.143,  we  have 


NTEp 


x(q.Q) 

|F(q)r 


(D.6) 


where  q^  is  the  radl\is  of  the  Brlllouln  zone  boundary 

(assumed  spherical).  After  taking  q =2q„,  using  the 

z a 
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approximation  for  |F(q)|  given  In  Ref.  27,  vising  Eq.  1.92  to 

evaluate  evaluating  the  above  integral,  we  find 

X(0)/N(E_)  =2.9  . (D.7) 

* 

Then  by  using  the  experimental  values  for  x dx/dc,  which 

oe  QO 

range  from  87  to  115  for  Pdj^_^Ni^  alloys  ' ' , we  can 

solve  Eq.  D.5  for  AU/U.  We  find 

^-0.37  , (D.8) 

a - 29±4  . (D.9) 

Lastly,  we  find  from  Eqs.  D.4  and  D.8 

UNiNCEp)  - 1.23  , (D.IO) 

where  is  the  value  of  U at  the  Ni  site. 
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